Analysis of root resorption after light and heavy extrusive orthodontic forces. by Jimenez, Vanessa
Copyright and use of this thesis
This thesis must be used in accordance with the 
provisions of the Copyright Act 1968.
Reproduction of material protected by copyright 
may be an infringement of copyright and 
copyright owners may be entitled to take 
legal action against persons who infringe their 
copyright.
Section 51 (2) of the Copyright Act permits 
an authorized officer of a university library or 
archives to provide a copy (by communication 
or otherwise) of an unpublished thesis kept in 
the library or archives, to a person who satisfies 
the authorized officer that he or she requires 
the reproduction for the purposes of research 
or study. 
The Copyright Act grants the creator of a work 
a number of moral rights, specifically the right of 
attribution, the right against false attribution and 
the right of integrity. 
You may infringe the author’s moral rights if you:
-  fail to acknowledge the author of this thesis if 
you quote sections from the work 
- attribute this thesis to another author 
-  subject this thesis to derogatory treatment 
which may prejudice the author’s reputation
For further information contact the 
University’s Copyright Service.
sydney.edu.au/copyright
  
Analysis of root resorption after light 
and heavy extrusive orthodontic forces.  
Micro-CT and Finite Element Analysis  
 
Vanessa C. Jiménez-Montenegro (BDS) 
Discipline of Orthodontics 
Faculty of Dentistry 
University of Sydney 
Australia 
 
A thesis submitted in partial fulfilment of the requirements for 
the degree of Doctor of Clinical Dentistry (Orthodontics) 
October 2010. 
Dedication 
 
To my beloved parents, thank you for your everlasting love, unconditional support and 
faith in everything I do. I highly value your wisdom and teachings on hard work, responsibility 
and commitment for everything in life.  Thanks for always encouraging me to follow my 
dreams; every single of my achievement has your names behind it. 
To my wonderful husband Alejandro who always stood beside me. I really appreciate your 
patience, tolerance and support. Thanks for the sacrifices you made during these three years, 
for staying up late and keeping me going. Especially grateful for all those lessons on 
engineering concepts that made the manuscript on finite element analysis a reality; thanks for 
giving me strength when I mostly needed it. 
To my mentor Dr. Gisela Contasti, who has guided me professionally and introduced me to 
this field. Thanks for being demanding and encouraging me to study and research. I would not 
be here without you wise mentorship. 
  
Declaration 
 
 
CANDIDATE CERTIFICATION 
 
This is to certify that the candidate carried out the work in this thesis in 
the Orthodontic Department, University of Sydney, and this work has not 
been submitted to any other University or Institution for a higher degree. 
 
 
 
 
Vanessa C. Jiménez Montenegro 
  
Acknowledgements 
 
The contributions made by the following people have been critical in allowing this thesis to 
be completed. 
Professor M. Ali Darendeliler, Head of Department of Orthodontics, University of Sydney 
for his assistance, guidance and support through this project. 
Dr. Carmen Gonzales, Senior Lecturer, University of Sydney for reviewing the content of 
these papers and guidance throughout the investigation. 
A/Prof. Allan Jones, Associate Professor (Image Analysis), and Mr. Dennis Dwarte, Senior 
microscopist, image visualization and analysis specialist,  Australian Key Centre for Microscopy 
and Microanalysis, University of Sydney for their  assistance in the use of the Micro-CT scan 
and imaging software.  
A/Prof. Peter Petocz, Associate Professor of Statistics, Department of statistics, Macquarie 
University for assistance with the statistical analysis and construction of graphs and tables.  
To past students at the Department of Orthodontics - University of Sydney. Particularly to 
Dr. Sarah Neitzert, Dr. Alistari King, Dr. Nerissa Bartley, Dr. Andy Wu  and Dr. Ersan Karadeniz 
for their support with the protocol and technicalities of this investigation.  
Especial mention to fellow colleagues and friends, Dr. Angie Phelan, Dr. Olivia Rogers and 
Dr. Tiffany Huang for their every day support on the completion of this study.  
To the Australian Dental Research Foundation and the Australian Society of Orthodontists 
for their financial support. 
 
Contents 
Abbreviations .............................................................................................................................6 
1 Introduction................................................................................................................................7 
2 Literature Review.................................. ..................................................................................11 
2.1 Periodontal Tissues ........................................................................................................ 12 
2.1.1 Cementum: ............................................................................................................. 12 
2.1.1.1 Definition of Cementum ................................................................................. 12 
2.1.1.2 Types of Cementum ........................................................................................ 12 
2.1.1.2.1 Acellular Afibrillar Cementum (AAC) ............................................ 12 
2.1.1.2.2 Acellular Extrinsic Fibre Cementum (AEFC) .................................. 13 
2.1.1.2.3 Cellular Intrinsic Fibre Cementum (CIFC) ...................................... 13 
2.1.1.2.4 Acellular Intrinsic Fibre Cementum (AIFC) .................................... 14 
2.1.1.2.5 Cellular Mixed Stratified Cementum (CMSC)................................ 14 
2.1.1.3 Cementum Development ................................................................................ 14 
2.1.1.3.1 Acellular Extrinsic Fibre Cementum .............................................. 15 
2.1.1.3.2 Cellular Intrinsic Fibre Cementum ................................................ 16 
2.1.1.4 Biochemical Composition ............................................................................... 16 
2.1.1.4.1 Organic Matrix .............................................................................. 17 
2.1.1.4.2 Mineral Component ...................................................................... 17 
2.1.1.5 Physical Properties of Cementum ................................................................... 19 
2.1.2 Periodontal Ligament (PDL) .................................................................................... 19 
2.1.2.1 Definition of Periodontal Ligament................................................................. 19 
2.1.2.2 Periodontal Ligament Formation .................................................................... 20 
2.1.2.3 Constituents of Periodontal Ligament ............................................................ 20 
2.1.2.4 Periodontal Ligament for Tooth Movement ................................................... 22 
2.1.3 Alveolar Bone .......................................................................................................... 23 
2.1.3.1 Definition of Alveolar Bone ............................................................................. 23 
2.1.3.2 The Turnover of Alveolar Bone ....................................................................... 24 
2.2 Orthodontic Tooth Movement ....................................................................................... 26 
2.2.1 Definition ................................................................................................................ 26 
Analysis of root resorption after light and heavy extrusive orthodontic forces. Micro-CT 
study and Finite Element Analysis 
 
By Vanessa Jiménez Page 2 
2.2.2 Biomechanical Changes and Molecular Regulation Induced by Orthodontic 
Loading ................................................................................................................................ 27 
2.3 Root Resorption.............................................................................................................. 33 
2.3.1 Definition of Root Resorption ................................................................................. 33 
2.3.2 History of Root Resorption ..................................................................................... 33 
2.3.3 Classification of Root Resorption ............................................................................ 34 
2.3.4 Incidence and Prevalence of Root Resorption ....................................................... 36 
2.3.5 Diagnosis of Root Resorption ................................................................................. 37 
2.3.5.1 Conventional Radiographs .............................................................................. 37 
2.3.5.2 Cone-beam Computed Tomography .............................................................. 38 
2.3.6 Mechanisms of Root Resorption ............................................................................ 39 
2.3.7 Root Cementum and its Resorptive Resistance ...................................................... 41 
2.3.8 Root Resorption Repair. ......................................................................................... 43 
2.3.9 Management and Prevention of OIIRR ................................................................... 45 
2.3.10 Aetiology and Risk Factors Associated with OIIRR ................................................. 47 
2.3.10.1 Biological Risk Factors ..................................................................................... 47 
2.3.10.1.1 Individual Susceptibility-Genetics and Ethnicity ......................... 47 
2.3.10.1.2 Gender and Chronological Age ................................................... 49 
2.3.10.1.3 Asthma and Allergy ..................................................................... 49 
2.3.10.1.4 Endocrine and Hormone Imbalances.......................................... 51 
2.3.10.1.5 Nutritional Imbalance ................................................................. 51 
2.3.10.1.6 Medicaments Consumption ........................................................ 51 
2.3.10.1.7 Habits .......................................................................................... 53 
2.3.10.2 Dental Risk Factors .......................................................................................... 53 
2.3.10.2.1 Pre-existing Root Resorption ...................................................... 53 
2.3.10.2.2 Dental Trauma ............................................................................ 53 
2.3.10.2.3 Previous Endodontic Treatment ................................................. 54 
2.3.10.2.4 Abnormal Dental Morphology .................................................... 55 
2.3.10.2.5 Periodontal Status ...................................................................... 56 
2.3.10.2.6 Tooth Series and Tooth Type Susceptibility ................................ 56 
2.3.10.2.7 Dental Age and Stage of Root Development .............................. 58 
2.3.10.2.8 Classification of Malocclusion ..................................................... 58 
Analysis of root resorption after light and heavy extrusive orthodontic forces. Micro-CT 
study and Finite Element Analysis 
 
By Vanessa Jiménez Page 3 
2.3.10.2.9 Alveolar Bone Density and Bone Turnover Rate ........................ 59 
2.3.10.3 Mechanical Risk Factors .................................................................................. 60 
2.3.10.3.1 Orthodontic Appliances in Relation to Root Resorption. ........... 60 
2.3.10.3.2 Duration of Force Application ..................................................... 62 
2.3.10.3.3 Magnitude of Force Application. ................................................ 64 
2.3.10.3.4 Extent of Tooth Movement. ....................................................... 65 
2.3.10.3.5 Treatment Duration. ................................................................... 66 
2.3.10.3.6 Extraction vs. Non-extraction Treatment. .................................. 67 
2.3.10.3.7 Transplanted Teeth ..................................................................... 67 
2.3.10.3.8 Type of Tooth Movement ........................................................... 67 
2.3.11 Evaluation Methods of OIIRR utilised for research ................................................ 78 
2.3.11.1 Radiographic Evaluation of OIIRR ................................................................... 79 
2.3.11.2 Light Microscopy and Serial Sectioning .......................................................... 80 
2.3.11.3 Scanning Electron Microscope - Surface Area and 2D Measurements .......... 81 
2.3.11.4 Scanning Electron Microscope – Stereo Imaging and 3D Measurements ...... 82 
2.3.11.5 Micro-Computed Tomography and 3D Measurements .................................. 83 
2.3.11.5.1 The SkyScan 1072 Desktop X-ray Micro-Tomograph .................. 84 
2.3.11.5.2 Image acquisition ........................................................................ 85 
2.4 Finite Element Analysis .................................................................................................. 88 
2.4.1 Definition of Finite Element Analysis ...................................................................... 88 
2.4.2 Utility of Finite Element Analysis ............................................................................ 89 
2.4.3 Limitations of Finite Element Analysis .................................................................... 89 
2.4.4 Generation of the Finite Element Model ................................................................ 90 
2.4.5 FEM and Orthodontic Tooth Movement ................................................................ 95 
3 References..............................................................................................................................100 
4 Manuscript 1...... ....................................................................................................................119 
4.1 Abstract ..............................................................................Error! Bookmark not defined. 
4.2 Introduction ........................................................................Error! Bookmark not defined. 
4.3 Materials and Methods ......................................................Error! Bookmark not defined. 
4.4 Results ................................................................................Error! Bookmark not defined. 
4.5 Discussion ...........................................................................Error! Bookmark not defined. 
Analysis of root resorption after light and heavy extrusive orthodontic forces. Micro-CT 
study and Finite Element Analysis 
 
By Vanessa Jiménez Page 4 
4.6 Conclusions .........................................................................Error! Bookmark not defined. 
4.7 Acknowledgment ................................................................Error! Bookmark not defined. 
4.8 References ..........................................................................Error! Bookmark not defined. 
4.9 List of Figures ................................................................................................................ 142 
4.10 List of Tables ................................................................................................................. 147 
5 Manuscript 2..........................................................................................................................149 
5.1 Abstract ........................................................................................................................ 151 
5.2 Introduction .................................................................................................................. 153 
5.3 Materials and Methods ................................................................................................ 155 
5.4 Results .......................................................................................................................... 160 
5.5 Discussion ..................................................................................................................... 163 
5.6 Conclusion .................................................................................................................... 168 
5.7 Acknowledgement ........................................................................................................ 168 
5.8 References .................................................................................................................... 169 
5.9 List of figures ................................................................................................................ 174 
5.10 List of tables ................................................................................................................. 179 
6 Appendices.............................................................................................................................181 
6.1 Selection Criteria .......................................................................................................... 182 
6.2 Determining the force delivery system ........................................................................ 183 
6.3 Specimen collection ..................................................................................................... 186 
6.4 SkyScan 1072 desktop x-ray micro-tomograph  ........................................................... 186 
6.5 Mounting teeth for scanning on x-ray micro-tomograph ............................................ 187 
6.6 Images from the Micro-CT scan ................................................................................... 187 
6.7 Images from Nrecon ..................................................................................................... 188 
6.8 3D images from VG Studio Max 1.2 ............................................................................. 188 
6.9 Isolated Crater .............................................................................................................. 189 
6.10 Axial slices of an isolated crater are measured by CHULL2D ....................................... 189 
6.11 Elements utilised for the generation of the finite element model. ............................. 190 
6.12 FEA of the first premolar and neighbour teeth under of intrusive and extrusive 
orthodontic forces. ................................................................................................................ 190 
6.12.1 Von Mises distribution on the tooth structure ..................................................... 190 
6.12.2 First principal stress on the tooth structure ......................................................... 192 
Analysis of root resorption after light and heavy extrusive orthodontic forces. Micro-CT 
study and Finite Element Analysis 
 
By Vanessa Jiménez Page 5 
6.12.3 Strain distribution on the tooth structure ............................................................ 193 
6.12.4 Von Mises distribution on the periodontal ligament ........................................... 195 
6.12.5 Strain distribution on the periodontal ligament ................................................... 197 
6.12.6 Von Mises distribution on the cortical bone ........................................................ 199 
6.12.7 First principal stress on the cortical bone............................................................. 199 
6.12.8 Strain distribution on the cortical bone................................................................ 200 
6.12.9 Stress distribution on the cancellous bone .......................................................... 200 
7  Future Directions...................................................................................................................201 
 
 
  
Analysis of root resorption after light and heavy extrusive orthodontic forces. Micro-CT 
study and Finite Element Analysis 
 
By Vanessa Jiménez Page 6 
Abbreviations 
2D Two-dimensional 
3D Three-dimensional 
AAC Acellular afibrillar cementum 
AEFC Acellular extrinsic fibre cementum 
AIFC Acellular intrinsic fibre cementum 
ANOVA Analysis of variance 
BMP Bitmap 
cAmp Cyclic adenosine monophosphate 
CBCT Cone beam computed tomography 
CHULL Convex hull software  
CIFC Cellular intrinsic fibre cementum 
CMSC Cellular mixed stratified cementum 
CT Computed tomography 
CV Coefficient variation 
FEA Finite element analysis 
FEM Finite element model 
IL-1 Interleukin – 1 
Micro-CT Micro-computed tomography 
MMPs Matrix metalloproteinases 
mRNA Messenger ribonucleic acid 
NSAID Non-steroidal anti-inflammatory drugs 
OIIRR Orthodontically induced inflammatory root resorption 
OPG Orthopantomogram 
OPG Osteoprotegerin 
OPN Osteopontin 
PDL Periodontal ligament 
PGE2 Prostaglandin E2 
PTH Parathyroid hormone 
RANK Receptor activator of nuclear kappa β  
RANKL Receptor activator of nuclear kappa β ligand 
SD Standard deviation 
SE Standard error 
SEM Scanning electron microscope 
TIFF Tagged image file format 
TIMPs Tissue inhibitors of metalloproteinases 
TNF Tumour necrosis factor 
TNSALP Tissue non-specific alkaline phosphatise 
TRAP Tartrate resistant acid phosphatase 
 
 
  
Analysis of root resorption after light and heavy extrusive orthodontic forces. Micro-CT 
study and Finite Element Analysis 
 
By Vanessa Jiménez Page 7 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 Introduction 
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Root resorption is an inevitable consequence of orthodontic tooth movement.1,2 It has 
been defined as the destruction of formed tooth structure since 1932.3 Root resorption 
involves the loss of substance from dentine and/or cementum; and this process can be 
physiological or pathological. Physiological root resorption in deciduous dentition is a normal 
procedure and essential physiological process that facilitates natural exfoliation. Pathological 
resorption is an inflammatory process that is triggered by numerous factors.  
The relationship between orthodontic tooth movement and root resorption has not been 
fully understood. Orthodontic forces act on bone, periodontal ligament and cementum, 
causing an inflammatory reaction.4 The pathological process is related to local injury of the 
periodontal ligament associated with the removal of hyalinised tissue. This process has been 
found to take place when local areas of the periodontal ligament are overcompressed.5 It is 
accepted that most individuals will experience some degree of root shortening as a result of 
orthodontic tooth movement.4 
The incidence of root resorption varies widely in the literature. Based on histological 
studies up to 100% of individuals are found to be affected;6 and radiographic results range 
from 0%7 to 100%.8 In an adult population, root resorption has been shown to increase from 
15% pre-treatment to 73% after at least 12 months of treatment.9 Amongst adolescents, 
incidence of root resorption is between 5-18%.10-13  
Numerous factors have been related to orthodontically induced inflammatory root 
resorption (OIIRR).14 Some factors are biological in origin such as individual susceptibility,15-18 
allergies,19,20 nutritional,11,21 endocrine and hormonal imbalance.21-23 Previous history of root 
resorption seems to be highly associated; as well as dental trauma,10,11,24-26 abnormal dental 
morphology 12,27-29 and alveolar bone density.22,23 Orthodontic treatment is closely associated 
with certain mechanical factors including the type of appliances employed for treatment,11,30-35 
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the duration and magnitude of the forces applied,16,36-42  the extent of tooth movement,28,43,44 
treatment duration43,45,46 and the type of tooth movement.47-55 
Several strategies have been recommended to manage and control root resorption; such 
as assessment of medical and family history18,26,33 and control radiographs after five to six 
months of treatment and three months in high risk patients.56,57 Other recommendations 
include limit treatment duration, application of very light forces, halt treatment for two to 
three months17,58,59 The resorption process continues until the aggressive agent is removed, 
therefore root resorption usually stops once orthodontic forces are removed.2,60 Follow-up 
radiographs are recommended until resorption is no longer evident.61 Repair of the craters 
may begin once the force level has decreased below a certain level62,63 and tends to increase 
with time.64,65 
In the majority of cases, the degree of root resorption is not clinically significant. In fact, 
markedly resorbed teeth can function reasonably well for several years post-treatment.2,17  
However, the prognosis of the tooth seems to be severely affected when the decreased 
crown:root ratio is combined with periodontal disease or trauma.33 
A wide range of methods have been utilised for the study of root resorption. These 
techniques may be two-dimensional, for instance intraoral radiographs,7,15,19,56,66,67 
conventional light microscopy,65,66,68-74 and scanning electron microscopy (SEM).16,36,64 These 
techniques provide measurements with inherent flaws such as magnification error and the 
inability to quantify root resorption volume. Three-dimensional approaches include scanning 
electron microscopy-stereo-imaging,54,75  and computed tomography.51-53,55,60,76-78 
Different aspects of root resorption have been investigated throughout the years, but 
the multifactorial characteristic of this phenomenon has made it difficult to reveal the details 
involved in this process.  Force magnitude has proven to be a determining factor in the severity 
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of root resorption, but the type of force applied has recently been considered with extrusion 
as the least studied type of tooth movement.31,36,39,42,50,52,78-80 
Finite element analysis has been used to study stress and strain fields in the periodontum. 
This method is applicable to solids of irregular geometry and includes heterogeneity; which is a 
benefit when studying tooth material. In this type of studies, the analysis of the force 
transferred from the tooth to the alveolar bone through the PDL depends on the physical 
properties and the anatomy of the structures modelled.81,82  
The first manuscript investigates the quantitative volume of root resorption craters on 
human first premolars following 4 weeks of controlled light and heavy extrusive forces. Each 
tooth surface is also analysed in order to determine the most affected area with this type of 
orthodontic tooth movement. 
The second manuscript studies stress distribution on human first premolars after 
applying 225g of controlled intrusive and extrusive orthodontic forces under finite element 
analysis. These results will be correlated with the location and volume of root resorption 
craters in vivo, assessed by Micro-CT technology. 
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2.1 Periodontal Tissues 
The periodontium is a complex structural and functional unit containing tissues supporting 
the tooth. It comprises root cementum, periodontal ligament (PDL), bone lining of the tooth 
(alveolar bone) and the dento-gingival junction.83 The first three components are closely 
related to the process of root resorption and therefore they will be the main focus within the 
periodontal tissues. 
2.1.1  Cementum: 
2.1.1.1  Definition of Cementum 
Cementum is the hard, avascular and mineralized connective tissue that coats the roots of 
teeth.84  One of the most important functions of cementum is to invest and anchor the 
principal periodontal ligament fibres, which span like a meshwork between the root and the 
alveolar bone. Cementum is also involved in maintenance of occlusal relationship (adaptation), 
repair of root defects after resorption or fracture, and protection of the pulp.83 
2.1.1.2  Types of Cementum 
Cementum in humans consists of several types that differ from one another with respect 
to location, structure, function, rate of formation, proportional biochemical composition and 
degree of mineralisation.85  
2.1.1.2.1 Acellular Afibrillar Cementum (AAC) 
This type of cementum covers minor areas of cervical enamel, but may also be present 
along the most cervical portion of the root dentin. Its precise function is unknown since it does 
not contain visible collagen fibrils nor embedded cells, and morphologically resembles the 
interfibrillar matrix of the “acellular extrinsic fibre cementum”.86 
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2.1.1.2.2 Acellular Extrinsic Fibre Cementum (AEFC) 
It is found on the cervical half to two thirds of the root, but may extend apically in anterior 
teeth. Its formation commences shortly after crown formation is completed and always before 
cellular intrinsic fibre cementum starts to form on more apical root portion. The cementoblasts 
producing this type of cementum commence their cell differentiation in closest proximity to 
the advancing root edge. It develops very slowly but at a constant rate. Acellular extrinsic fibre 
cementum is considered to be free of cells since the ones that form it remain on its surface; 
along with densely packed collagen fibres (Sharpey’s fibres).83 The very high number of 
principal periodontal ligament fibres inserting into this type of cementum reflects its important 
function in tooth attachment.87 The orientation of the Sharpey’s fibres is subject to changes 
throughout life, due to post-eruptive tooth movement.83   
Examination have revealed that the innermost layer is less mineralized and the outer 
layers are characterized by alternating bands of more and less mineral content that run 
parallel to the root surface. 88  
The slow rate of formation, the absence of cementocytes, and the densely aggregated and 
parallel-oriented Sharpey’s fibres account for the very uniform morphological appearance and 
make it a unique tissue.89 
2.1.1.2.3 Cellular Intrinsic Fibre Cementum (CIFC) 
It is initially deposited on root surface areas where no acellular extrinsic fibre cementum 
has been laid down on the dentin. This may occur in the furcations and on the apical root 
portions. CIFC may be a component of cellular mixed stratified cementum or produced as a 
repair tissue that fills resorptive defects and root fractures. This means that it may overgrow 
layers of cellular extrinsic fibre cementum, and acellular extrinsic fibre cementum can overlay 
cellular intrinsic fibre cementum.84  It is characterised by collagen produced by cementoblasts 
Analysis of root resorption after light and heavy extrusive orthodontic forces. Micro-CT 
study and Finite Element Analysis 
 
By Vanessa Jiménez Page 14 
and the presence of these cells entrapped in lacunae within the matrix they produce. The 
collagen fibres in this case are intrinsic, meaning that they do not protrude from the 
cementum into the periodontal ligament space. Therefore, CIFC does not have a direct 
function in tooth attachment.83 
This type of cementum is less mineralised than the acellular counterpart. This fact is 
probably related to the heterogeneous organization of its collagen, its rapid formation and the 
presence of cells and lacunae.89 
2.1.1.2.4 Acellular Intrinsic Fibre Cementum (AIFC) 
This kind of cementum lacks of cementocytes. It has a fast rate of formation, which may 
serve to maintain the tooth in functional occlusion. Local factors may have a stimulatory effect 
on cementoblast activity.83 
2.1.1.2.5 Cellular Mixed Stratified Cementum (CMSC) 
This type of cementum has not been found in rat teeth but it is always present in human 
teeth. It is a stratified cementum derived from consecutively deposited, alternating layers of 
CIFC/AIFC and AEFC that are unpredictably superimposed on one another. It is distributed 
along the apical third or half of the root and furcation areas, it may also be found further 
coronally.88 The intrinsic part of this kind of cementum may exert an adaptive function, while 
the extrinsic part may contribute to tooth anchorage to the surrounding alveolar bone.83   
2.1.1.3 Cementum Development 
The formation of cementum can be subdivided into pre-functional and functional 
developmental stage. The pre-functional portion of cementum is formed during root 
development; which is an extremely long-lasting process. The functional development of 
cementum commences when the tooth is about to reach the occlusal level; and it is associated 
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with the attachment of the root to the surrounding bone and continues throughout life. It is 
mainly during functional development that adaptive and reparative processes are carried out 
by the biological responsiveness of cementum. 
Its initiation is limited to the advancing root edge during root formation. The Hertwig’s 
epithelial root sheath is believed to send an inductive message to the facing ectomesenchymal 
pulp cells, which differentiate into odontoblasts and produce a layer of pre-dentin. Later, the 
Hertwig’s epithelial root sheath becomes fragmented and the ectomesenchymal cells from the 
inner portion of the dental follicle become in contact with the pre-dentin.  Cementoprogenitor 
cells arise from the dental follicle proper, which is of ectomesenchymal origin; however, 
labelled cementoblasts could also be of epithelial origin. Another hypothesis has described 
cementoblasts originating from epithelial cells of Hertwig’s root sheath when they undergo 
epithelial-mesenchymal transformation during development.84 
Following these events, cementoblasts will differentiate and deposit cementum matrix 
onto the forming radicular dentin.84 
2.1.1.3.1 Acellular Extrinsic Fibre Cementum 
Cementoblasts will start by depositing collagen within the un-mineralised dentin matrix 
instigating interdigitation of fibrils from both matrices. Mineralisation of the mantle dentin 
starts internally and does not reach the surface until amalgamation of collagen fibrils from 
both layers has occurred. It then spreads across into cementum matrix and the dentin-
cementum junction is established. Cells on the root surface continue to deposit collagen so 
that the initial collagen implanted perpendicular to the root surface lengthens and thickens 
forming a collagen fringe. At the same time, non-collagenous matrix proteins are also secreted; 
which fill in the spaces between the collagen fibres and regulate mineralisation of the forming 
cementum layer. This process continues until about 15-20μm of cementum has been formed, 
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at which time the intrinsic fibrous fringe becomes connected to the developing periodontal 
fibre bundles. Thereafter formative cells will concentrate in the synthesis of non-collagenous 
matrix proteins; collagen fibrils that insert in this type of cementum will be formed by 
peridontal ligament fibroblasts.85 
2.1.1.3.2 Cellular Intrinsic Fibre Cementum 
After at least half of the root has been formed, cementoblasts start forming a less 
mineralized variety of cementum where its constituent collagen fibrils are produced by 
cementoblasts themselves. The first collagen is deposited onto the unmineralised dentin 
surface such that fibrils from both layers intermingle. Cellular intrinsic fibre cementum-forming 
cementoblasts also manufacture a number of non-collagenous matrix proteins that fill in the 
spaces between the collagen fibrils, regulate mineral deposition and impart cohesion to the 
mineralised layer. A coat of un-mineralised matrix, termed cementoid, is established at the 
surface of the mineralised cementum matrix, with the mineralisation front at the interface 
between the two layers. During this process, some cementoblasts become trapped in the 
matrix they form. These entrapped cells are called cementocytes and sit in lacunae. Collagen 
fibrils are produced rapidly and deposited during the initial phase. Subsequently, the bulk of 
fibrils are organised as bundles oriented mostly parallel to the root surface. When the PDL 
becomes organised, cementum may form around some of the PDL fibre bundles, incorporating 
them into cementum and becoming partially mineralised.84 
2.1.1.4  Biochemical Composition 
Cementum is the least mineralized tissue when compared to dentin and enamel. Its 
mineral content is approximately 65%, whereas the contents of dentin and enamel are 70% 
and 92-96% on a wet-weight basis respectively. The other 45% of the cementum composition 
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belongs to organic matrix.90 These values may vary from sample to sample and within different 
types of cementum.84 
2.1.1.4.1 Organic Matrix 
2.1.1.4.1.1 Collagens 
Type I collagen is the predominant organic component, constituting up to 90% of the 
organic matrix. Other collagens associated include type III and type XII. The first one 
constitutes approximately 5% and is found in high concentrations during development and 
repair of mineralised tissues; and the last one binds to collagen I and also to non-collagenous 
matrix proteins.84 
2.1.1.4.1.2 Non-collagenous Proteins 
Cementum is rich in glycoconjugates, which represent glycolipids, glycoproteins or 
porteoglycans, and harbours a variety of other proteins.  
The non-collagenous matrix proteins found in cementum include bone sialoprotein, dentin 
matrix protein 1, dentin sialoprotein, fibronectin, osteocalcin, osteonectin, osteopontin, 
tenascin, proteoglycans, proteolipids, and several growth factors including cementum growth 
factor, which appears to be an insulin-like growth factor-like molecule.  
2.1.1.4.2 Mineral Component 
The mineral content of cementum varies according to its type. Acellular extrinsic fibre 
cementum appears more highly mineralized than cellular intrinsic fibre cementum and cellular 
mixed stratified cementum.  
Chemical analysis and physicochemical studies indicate that the mineral component is the 
same as in other calcified tissues. Hydroxyapatite is present with small amounts of amorphous 
calcium phosphates. The crystalline property of the mineral component is lower in cementum 
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than in other hard tissues. The minute size of the mineral crystals compared with enamel 
results in a much larger specific surface area of the mineral component. As a consequence 
cementum has a greater capacity for adsorption of fluoride and other elements over time but 
also more readily decalcifies in the presence of acid conditions.91 
The literature has suggested that the mineral content of cementum might influence its 
resistance of susceptibility to root resorption; insinuating less risk of root resorption when the 
cementum is more mineralised.6,92 Cementum appears to have a high fluoride content 
compared with other hard tissues. Fluoride concentration in cementum shows a general 
increase with age and varies with the individual nutritional fluoride supply.93 Other elements 
have also been found in cementum such as magnesium, sulphur, copper, zinc and sodium.84 
Rex and co-workers94 did a quantitative analysis of the mineral composition of human 
premolar cementum. They studied untreated premolars with electron probe microanalysis to 
assess the Ca, P and F concentrations in different parts of the tooth’s cementum. The higher 
mean of Ca values were at the cervical and mid-root and higher P values at the cervical third of 
the root. The reported F concentration was higher at the cervical buccal surface. They also 
stated that there is an increasing gradient in the Ca and P concentrations from the outer and 
inner third of cementum at the cervical and middle thirds of the root; whereas it is the 
opposite for F at the cervical, middle and apical third.  
Fluoride accumulates in the surface layer of cementum, which is exposed to the circulating 
tissue fluids in the periodontal ligament. Since fluoride reacts with hydroxyapatite, fluoride 
concentrates near the surface and shows limited diffusion into deeper layers of the tissue.93 
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2.1.1.5  Physical Properties of Cementum 
Hardness of a tissue has been positively correlated with the amount of mineralisation in 
mineralised tissues.95,96 It is thought that changes of hardness and elastic modulus of the 
cementum might be correlated with the amount of root resorption and its extent due to 
alteration of the level of mineral content in cementum.  
The apical cementum shows the lowest elastic modulus and hardness values, whereas the 
middle third demonstrates higher hardness and elastic modulus.90,96 The descending trend of 
hardness and elastic modulus form cervical to apical layers could be attributed to the 
differences in mineral content present in each type of cementum on the same tooth. Cellular 
cementum is less mineralised and it is deposited around the apical third. Therefore, this type 
of cementum has a lower hardness and elastic modulus than acellular cementum, which is 
considered to be more mineralised and covers about two thirds of the root extending from the 
cervical margin.84 
According to Malek et al.96 there is no significant difference in the hardness and elastic 
modulus of maxillary premolars when compared to mandibular premolars. Similar findings 
were reported when orthodontically treated teeth were studied against a control group.90 
Their results could have been affected by the short experimental period and the high intra-
individual variation.  
2.1.2  Periodontal Ligament (PDL) 
2.1.2.1  Definition of Periodontal Ligament 
The periodontal ligament is a soft, specialised connective tissue situated between the 
cementum covering the root of the tooth and the bone forming the socket wall.97 Its principal 
function is to support the teeth in their sockets and allow them to withstand the considerable 
Analysis of root resorption after light and heavy extrusive orthodontic forces. Micro-CT 
study and Finite Element Analysis 
 
By Vanessa Jiménez Page 20 
forces of mastication. In addition, it is also capable of acting as a sensory receptor; this is 
necessary for the proper positioning of the jaws during mastication. The PDL ranges in width 
from 0.15-0.38mm; its thinnest portion is located around the middle third of the root, showing 
a progressive decrease in thickness with age. It represents a cell renewal system in steady 
state. In a perivascular location, progenitor cells exhibiting some features of stem cells have 
been identified; therefore the PDL has an important role in repair and regeneration after being 
a cell reservoir for tissue homeostasis.83 
2.1.2.2   Periodontal Ligament Formation 
The periodontal ligament forms within the dental follicle region. At the beginning, the 
ligament space is occupied by an unorganized connective tissue extending between bone and 
cementum. This tissue is then remodelled, and the provisional extracellular matrix is converted 
into a fibre system organised as bundles that extends between bone and cementum. The 
reorganised tissue can now establish continuity across the ligament space, and thereby secure 
the attachment of the tooth to bone. Eruptive toot movement and the establishment of 
occlusion further modify this initial attachment.97 
2.1.2.3  Constituents of Periodontal Ligament 
The periodontal ligament can be divided in two; the cellular and extracellular 
compartment. The cells include osteoblasts and osteoclasts, fibroblasts, epithelial cells, rests of 
Malassez, monocytes and macrophages, undifferentiated mesenchymal cells, and 
cementoblasts and odontoclasts. The extracellular compartment consists mainly of well-
defined collagen fibre bundles embedded in an amorphous ground substance.97 
 Fibroblasts: they are the principal cells of the periodontal ligament. They are 
characterised by rapid turnover of the extracellular compartment; mainly collagen. 
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Fibroblasts are large cells responsible of protein synthesis and secretion. In the 
periodontal ligament, they are aligned along the general direction of the fibre 
bundles and extend cytoplasmic processes that wrap around them. 
 Epithelial cells: constitute rests of Malassez. They are remnants of Hertwig’s 
epithelial root sheath that occur close to the cementum as a cluster of cells that 
form an epithelial network. They seem to be more evident and abundant in the 
furcation areas. 
 Undifferentiated mesenchymal cells: the presence of this progenitor cells implies 
that selective deletion of cells occurs within the periodontal ligament to balance 
the production of new cells. This makes them very relevant in periodontal wound 
healing.  
 Fibres: the predominant collagens are type I, III, and XII. The majority of collagen 
fibrils are arranged in definite and distinct fibre bundles called principal fibres. 
Each bundle resembles a spliced rope; individual strands may be continually 
remodelled while the overall fibre maintains its architecture and function. The 
extremities of collagen fibre bundles are embedded in cementum or bone. The 
embedded portion has been termed as Sharpey’s fibres. The aforementioned 
fibres are fully mineralised in acellular cementum whereas those in cellular 
cementum and bone are only partially mineralised at their periphery. 
 Non-collagenous matrix proteins: include alkaline phosphatase, proteoglycans, and 
glycoproteins.  
 Ground substance: it has been estimated to be 70% water and it is thought to have 
a significant effect to the tooth’s ability to withstand stress loads. There is an 
increase in tissue fluids within the amorphous matrix of the ground substance in 
areas of injury and inflammation. 
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2.1.2.4   Periodontal Ligament for Tooth Movement 
Examples of tooth ankylosis serve to demonstrate the essential role of the periodontal 
ligament in tooth movement. Ankylosed teeth have focal lesions characterized by bony bridges 
that eliminate the PDL in these areas. In this instance, teeth are unresponsive to orthodontic 
forces and dental drift. The specific underlying role of the periodontal ligament in tooth 
movement is not well understood; but its unique biomechanical, cellular and molecular 
natures are undoubtedly important. 
The mechanical characteristics of the PDL determine the strain induced by a certain force. 
Most classical studies consider the PDL as an isotropic and linear-elastic material.98,99 More 
recently, increasing evidence has been reported on anisotropic material characteristics of the 
PDL, in which collagen fibres play an important role.100,101 The PDL is a complex, fibre-reinforce 
substance that responds to force in a viscoelastic and non-linear manner. The PDL’s non-linear 
description has been attributed to the fact that larger forces do not proportionally lead to 
larger displacements. At the higher force levels, the number of periodontal fibres under 
tension would reach its maximum within seconds, and thereby will decrease the effect of 
increasing the force.102   
The PDL response is characterised by an instantaneous displacement, followed by a more 
gradual displacement that reaches a maximum after 5 hours,103 suggesting that fluid 
compartments within the periodontal ligament may play an important role in the transmission 
and damping of forces acting on teeth. According to Van Driel et al.103 the PDL behaves as a 
poroelastic material showing a two-phase response in time on loading.  
The strains that are created in the PDL by force application clearly have biological 
consequences for the tissue itself, and possibly also for the other tooth-supporting tissues.  
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FEA has highlighted the significant role of the PDL in bone remodelling after orthodontic 
tooth movement. Compressive hydrostatic stresses are generated in the PDL under 
orthodontic load, and thus the ligament might recruit mechanical stimuli to start tooth 
movement.104  
Periodontal ligament cells respond to force by increases in cell proliferation and apoptosis. 
The major fibrous components of the periodontal ligament extracellular matrix also show 
enhanced expression following force application.105 Matrix metalloproteinases (MMPs) and 
their specific inhibitors, tissue inhibitors of metalloproteinases (TIMPs), act in a coordinated 
fashion to regulate collagen remodelling and increase temporarily during orthodontic tooth 
movement. These genes have different patterns of expression at compression and tension 
sites, suggesting that collagen remodelling is regulated differentially based on mechanics.106 
2.1.3  Alveolar Bone 
2.1.3.1  Definition of Alveolar Bone 
The alveolar process is the bone of the jaws containing the sockets for the teeth. It consists 
of outer cortical plates of compact bone, central spongiosa and bone lining the alveolus 
(Alveolar bone); all of them together form an anatomical unit. The cortical plate and the bone 
lining the alveolus meet at the alveolar crest.88,107 
Blood vessels and nerve fibres connect the marrow spaces to the periodontal ligament 
through channels that perforate the alveolar wall. The cortical plates consist of surface layers 
of fine-fibred bone supported by Harvesian systems.89 They are generally thinner in the maxilla 
and thickest on the buccal aspect of mandibular premolars and molars. The trabecular bone is 
disposed in lamellae with Harvesian systems present in the larger trabeculae. Yellow marrow 
generally fills the intertrabecular spaces. This type of bone is absent in the region of the 
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anterior teeth where the cortical plates and alveolar bone are fused together. The alveolar 
bone consists of successive layers of intrinsic fibre bundles running more or less parallel to the 
socket. The extremities of the Sharpey’s fibres are embedded within this bundle bone almost 
perpendicular to its surface. The bone of the socket wall is constantly remodelled in response 
to functional demands. The alveolar bone has a very rapid turnover rate and it is lost in the 
absence of tooth.107 In addition to its mechanical support function, bone serves as a major 
reservoir of calcium.  
2.1.3.2  The Turnover of Alveolar Bone 
Bones turn over by two related but distinct processes described by Frost.108  Modelling is 
characterised by either osteogenesis or resorption that is sustained over a specific period of 
time and at precise bony surface. It results in skeletal shape change and translocation of hard 
tissue structures. Modelling processes are prevalent in skeletal development, where individual 
bones move in relation to each other and change shape. The intra-osseous phase of tooth 
eruption is primarily considered a process of alveolar bone modelling. In relation to tooth 
movement, it refers to dental drift. It is a complex motion including vertical and horizontal 
components which occur as an adaptive mechanism during growth; maintaining the 
interrelationships of the various components of the masticatory apparatus.107 
Bone remodelling is a cyclic process that is a response to the need for continuous repair 
and renewal of the skeleton throughout life. Bone remodelling initiation has been linked to 
micro-damage and to subsequent increased cellular activity.109 Coupling mechanisms have 
been postulated as a mean by which bone is neither lost nor gained during repair. Relative 
rates of resorption versus formation differ significantly, the former being quite rapid while the 
latter is slower. This has important consequences for bone that is undergoing extensive 
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remodelling; where bone formation cannot keep pace with the large amounts of resorption 
that are occurring; resulting in net bone loss.  
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2.2  Orthodontic Tooth Movement 
2.2.1  Definition 
Orthodontic tooth movement is a process that combines both pathologic and 
physiologic responses to externally applied forces.  It is based on force-induced periodontal 
ligament and alveolar bone remodelling; which occurs after a minor reversible injury to the 
tooth–supporting tissues and the physiological adaptation of alveolar bone to mechanical 
strains. 
The clinical picture of orthodontic tooth movement consists of three phases: an initial 
and almost instantaneous tooth displacement; delay, where no visible movement occurs; and 
a period of linear tooth movement.110  
In the past, two theories explaining alveolar tissue reactions have been proposed. The 
pressure-tension theory,40,111 which sustained that after the application of an orthodontic force 
two different phenomenon will be described on each side of the tooth. The resorption side has 
been historically described as the “pressure” side, which originally meant that the PDL and 
bone on this side have been loaded, and the opposite occurs on the “tension” side. The bone 
bending theory of the alveolus112 has also been described. A third theory has been proposed 
where the load exerted by stretched fibres of the PDL may also induce a slight bending of the 
alveolar wall and stimulate bone apposition. On the opposing side, the collagen fibres of the 
PDL are unloaded leading to unloading of the alveolar bone resulting in its resorption.113 This 
will induce necrosis of periodontal ligament on the resorption side with formation of a cell-free 
hyaline zone.5 The tooth movement through the bone can only start after the removal of this 
necrotic or hyalinised tissue (undermining resorption) by phagocytic cells such as 
macrophages, foreign body giant cells and possibly osteoclasts.114  A combination of PDL 
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remodelling and the localised apposition and resorption of alveolar bone enable the tooth to 
move.  
Whether tooth movement occurs with or through bone depends on the stress/strain 
distribution in the PDL. The stress/strain distribution is determined by force magnitude, bone 
area, and distribution of the force which varies according to the type of tooth movement.114 
According to Frost,115 a net loss of bone occurs as a consequence of increased remodelling in 
the case of low strain values; with increasing strain, modelling is initiated and a positive 
balance is achieved. Resorption and apposition are in balance where the strain curve crosses 
the neutral line, and the newly-formed bone consists of lamellar bone. In contrast, woven 
bone is formed due to even larger strains. Still higher strains will result in a negative balance 
since repair cannot keep up with the occurrence of micro-fractures. If the biological reaction to 
orthodontic tooth movement is explained by the mechanostat theory from Frost, resorption 
observed in the direction of the force could be either a result of under-or over-loading. Strain 
values in the direction of the displacement have been described to be below the minimum 
effective strain. Under the mechanostat theory, this would explain direct resorption in the so-
called compression side. On the other hand, the stretching of the PDL fibres on the opposite 
side generated a strain level corresponding to modelling, thus explaining new bone formation 
on the so-called tension side.116 
2.2.2  Biomechanical Changes and Molecular Regulation 
Induced by Orthodontic Loading 
After the application of an orthodontic force, the tooth moves within its alveolus for a 
certain distance. Consequent to the direction of force applied the principal stress distributions 
in cancellous and cortical bone point to the regions of bone formation (tension) and bone 
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resorption (compression).117,118 The compressive strains induced in the PDL anticipate the 
direction of tooth movement due to orthodontic loading.  
Such a movement leads to a tensional deformation within the PDL at the future apposition 
side of the root; a stretching of the collagen fibres which connect the tooth to the bone. On 
the opposite side, a compressive deformation occurs within the PDL and therefore the fibres 
are relaxed.116 These alterations are accompanied by immediate fluid flow in the PDL after 
force application at both the apposition and resorption sides; followed by an increasing strain 
of the viscoelastic matrix, which is mainly determined by the collagen fibres. 
Compressive hydrostatic stresses are generated in the PDL under orthodontic load and 
thus the ligament might recruit mechanical stimuli to start tooth movement. Hydrostatic 
stresses greater than systolic pressures provide an indication of the rather large constant 
deformation of the PDL; this effect is required in recruiting osteoblasts to facilitate orthodontic 
tooth movement.113,119 
This orthodontic force will also produce strain in the alveolar bone at the apposition side 
through the collagen fibre bundles of the PDL.120 Osteocytes entrapped in lacunae within the 
bone are interconnected by tiny channels called canaliculi. The strain of the bone results in a 
fluid flow through the canaliculi leading to shear stress on the osteocytes, which are then 
activated. Tan et al.121 have suggested that apoptosis occurs in areas of reduced canalicular 
fluid flow; attracting osteoclasts to the site. Two theories have been suggested to explain the 
fluid flow theory. Some have proposed direct mechanical stimulus to be the trigger and others 
have supported that bone micro-damage evokes the cellular response.122 Osteoclast induction 
represented by mononuclear pre-osteoclasts, first occurs in vascular and marrow spaces of the 
alveolar crest, followed by increases in the periodontal ligament space.123 
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Direct and indirect deformation of the PDL cells trigger signal transduction instigating the 
production of cytokines and other mediators; as well as matrix metalloproteinases that 
degrade collagen. The transduction of mechanical into biochemical signals is accomplished via 
the integrin-actin cytoskeletal mechanism. Substrate distortion initiates a conformational 
change in integrin which are transmembrane proteins with an extra- and intracellular 
portion.124 This episode is followed by an increased binding of the extracellular matrix proteins 
to the extracellular domains of integrins. Mechanical responses by cells also depend closely on 
the dynamic changes in the structural architecture of the cytoskeleton. The later involves a set 
of highly interdependent substructures consisting of cortex, stress fibres, intermediate 
filaments, microfilaments, microtubules, and focal adhesions. The cytoskeleton softens and 
stiffens in response to applied stress, altering the mechanical properties of cells in complex 
ways.125 Focal adhesions are protein aggregates that connect cytoskeletal actin to extracellular 
matrix. These grow in size and change orientation and morphology as actin fibre force 
increases. This focal adhesion complex transduces matrix strain to the cytoskeleton and also 
activates kinases that initiate a variety of intracellular signalling pathways.126 These physical 
changes in the cytoskeletal complex accomplish intracellular signalling thanks to the fact that 
the tension created in the cytoskeleton in response to loading can alter the shape of the 
membrane lipid bilayer, which results in changes in ion channel behaviour. 127 
The opening of mechanosensitive cation channels in osteoblasts and the activation of 
protein tyrosine kinases have gained attention as possible transduction pathways. The high 
expression in osteoblasts of the large-conductance K+ channels and their ability to open in 
response to membrane stretch make them prime candidates for a bone mechanoreceptor.128 
Mechanical stimulation also increases the levels of interleukins in addition to 
prostaglandins, which are released by mechanosensitive fibroblasts and osteoblast. 129,130  
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Load-induced osteogenesis can be blocked by the prostaglandin inhibitor indomethacine, and 
agonist of the prostaglandin receptors will increase new bone formation.131 Nitric oxide has 
also been implicated in mechanotransduction pathways. Nitric oxide, a short-lived free radical 
that inhibits resorption and promotes bone formation is released within seconds in response 
to mechanical strain by both osteoblasts and osteocytes.132 
Osteopontin (OPN) is a major non-collagenous bone matrix glycoprotein in the bone and 
dentin matrix and is produced by osteoblasts, odontoblasts, osteoclasts, and macrophages.133 
It has a multi-domain structure and functions, characteristic of an extracellular matrix protein 
that interacts with cell surface integrins in addition to binding to components of the 
extracellular matrix. OPN has shown to have particular significance in the bone response to 
mechanical loading. Some have argued that OPN may promote bone resorption by enhancing 
the attachment of osteoclasts to the bone matrix.134 Osteopontin increases in orthodontic 
tooth movement and there is a decreased level of bone resorption OPN knock-out mice 135 
Precursors in the PDL are stimulated to differentiate into osteoblast through factors 
produced by mechanically activated osteocytes; such as bone morphogenic proteins and 
platelet-derived growth factor.136 Osteocytes will also produce cytokines, nitric oxide, 
prostaglandins and tumour necrosis factor-α.137 In vitro studies have suggested that certain 
cytokines produced by osteocytes activate osteoclast precursors in the PDL resorption side; 
while nitric oxide inhibits the activity of osteoclasts at the apposition side in rats.138 These 
osteoclast precursors are derived from bone marrow and migrate to the periodontal space via 
the blood circulation; differentiating then into mature osteoclast capable of resorbing alveolar 
bone.139 
At the resorption side, soluble factors such as colony-stimulating factor, receptor activator 
of nuclear factor kappa β ligand (RANKL), osteoprotegerin (OPG), and bone morphogenic 
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proteins regulate osteoclast differentiation.137 All these factors are produced by osteocytes 
present in the alveolar bone and by osteoblasts and fibroblasts from the PDL. Colony 
stimulating factor is very important during the first steps of differentiation. RANKL and its 
receptor RANK, stimulate the further differentiation of osteoclasts. Osteoprotegerin is a decoy 
receptor for RANKL that prevents its binding to RANK and thereby further differentiation.140  
Compressive force up-regulates RANKL through a PGE₂ pathway supporting 
osteoclastogenesis; while local osteoprotegerin gene transferred to the tooth-supporting 
tissues inhibits RANKL-mediated osteoclastogenesis and tooth movement.141,142 
Osteoblasts have to degrade the non-mineralised layer of the osteoid before any bone 
resorption. Bone formation at the apposition side of the tooth is a combination of extracellular 
matrix synthesis and mineralisation. Loading of the PDL cells result in an increased production 
of alkaline phosphatise, osteocalcin, and other non-collagenous matrix proteins. These factors 
might stimulate precursors in the PDL to differentiate into osteoblasts, leading to subsequent 
bone deposition. After mechanical stimulation, osteoblasts produce nitric oxide, which is a 
mediator of bone formation.143 
In spite of degradation of extracellular matrix, new extracellular matrix is also synthesized 
during remodelling of the periodontal structures around the tooth. Increased levels of collagen 
synthesis are found at both the resorption and apposition sides. Certain mediators produced 
within the PDL and bone will stimulate collagen production; such as transforming growth 
factor-β.144 
Remodelling then takes place. At the resorption site, PDL and bone are degraded 
producing space for the moving tooth. New PDL is simultaneously formed to maintain the 
attachment. Osteoclasts break up the inorganic matrix and the attachment of the principal 
fibres of the PDL to the bone is lost. The non-functional fibres that mainly contain type I 
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collagen are degraded and replaced by a loose connective tissue mainly containing type III 
collagen. At the apposition side, the principal fibres are stretched and remodelling of the PDL 
takes place. New bone begins to form by the production and mineralisation of new 
extracellular matrix. Subsequently, some osteoblasts will become entrapped in the bone and 
turn into osteocytes, while the principal fibres of the PDL will also be entrapped as Sharpey’s 
fibres. PDL matrix also forms to maintain the width of the PDL and attachment of the tooth to 
the bone.122  
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2.3  Root Resorption 
2.3.1  Definition of Root Resorption 
It has been described as the breakdown of root structure, which involves the loss of 
substance from dentine or cementum and may be either a physiological or a pathological 
process.  
Physiological root resorption presents in deciduous dentition as a normal and essential 
process. It also occurs in permanent dentition; but in this case the process is complex and 
many aspects are still unclear. 
Pathological root resorption may be internal or external. Internal resorption occurs when 
the dentin and pulpal walls begins to resorb within the root canal. External resorption refers to 
loss of tooth surface. 
External root resorption is an unavoidable pathologic consequence of orthodontic tooth 
movement. The application of orthodontic forces will induce a localised inflammation process, 
which allows tooth movement. Therefore, a more accurate term for this type of resorption 
would be “Orthodontically Induced Inflammatory Root Resorption” (OIIRR).4 Brezniak and 
Wasserstein have described it as “an inflammatory process that is extremely complex and 
composed of various disparate components including forces, tooth roots, cells, surrounding 
matrix and certain unknown biologic messengers”. 4 
2.3.2  History of Root Resorption 
Bates145 was the first to discuss root resorption of permanent teeth in 1856. Fifty-eight 
years later, Ottolengui146 related root resorption directly to orthodontic treatment.  In late 
1920’s, radiographic evidence of the root length changes after orthodontic treatment was 
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provided by Ketcham;147,148 resulting in a wide range of investigations on this topic.  In 1927, he 
presented 385 patients and discovered that in spite of their malocclusions some had iatrogenic 
tissue damage whereas others did not. Twenty one percent of his sample showed some root 
resorption of the anterior teeth; being the maxillary teeth the most affected ones.147  Later, he 
compared 115 cases while looking at non-orthodontic patients. The results showed that root 
resorption was present in approximately 1% of the non-orthodontic patients.148 He concluded 
that something in addition to the orthodontic appliances might have played a role; and at that 
stage he attributed it to hormonal and dietary factors.147,148 
At the time, the terms “resorption” and “absorption” were used indifferently to describe 
loss of apical root material.149 The term “resorption” was clarified by Becks and Marshall3 who 
stated that it was a word to illustrate destruction of formed tissues which are then taken up by 
the blood or lymph stream. 
2.3.3  Classification of Root Resorption 
 Several classification systems have been described in the literature. Andreasen 
defines three different types of external root resorption:150 
a) Surface resorption: it is a self-limiting process not often detected by radiographic 
means. It involves small areas of resorbed tissue followed by spontaneous repair by cells from 
adjacent intact regions of the periodontal ligament.  
b) Inflammatory resorption: this type of root resorption has reached dentinal structures 
of an infected necrotic pulpal tissue or an infected leukocyte zone. The affected cementum 
surfaces are colonised by inflammatory mediators and phagocytic cells, which later invade the 
dentinal tubules and pulpal tissues. 
c) Replacement resorption: it involves the absence of periodontal ligament and the 
bone starts replacing the resorbed tooth material and it is described as ankylosis. 
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 Tronstad 151 also used the term inflammatory resorption but he subdivided it into 
transient and progressive; both involve the presence of multinucleated cells around the 
mineralised tissue: 
a) Inflammatory resorption: 
i) Transient inflammatory resorption: occurs when teeth undergo minimal 
resorptive stimulation and for a short period. As the resorbing cells need 
to be constantly stimulated only usually lasts 2-3 weeks before a repair 
process is initiated. Therefore, it is usually undetected radiographically and 
is repaired by a cementum-like tissue.  
ii) Progressive inflammatory resorption: it continues for a longer period and 
it is visible radiographically. Inflammatory resorption is an example of 
OIIRR. However, if the pressure is released, the resorption is halted. 
b) Replacement resorption: is the result of extensive necrosis of the periodontal 
ligament with the formation of bone onto a resorptive defect; resulting in 
ankylosis of the affected tooth. This is often seen after traumatic dental injuries. 
According to severity OIIRR has been classified in the following manner:4 
a) Cemental or surface resorption with remodelling: only the outer cemental layers 
are resorbed and those areas are subsequently regenerated or remodelled. 
b) Dentinal resorption with repair: cementum and outer layers of the dentine are 
involved and usually repaired with cementum. Final root shape may not be 
identical to the pre-repaired root. 
c) Circumferential apical root resorption: involves full resorption of the hard tissue 
components of the root apex; root shortening is distinct. Regeneration is not 
possible once the apical portion of the root is lost.  
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2.3.4  Incidence and Prevalence of Root Resorption 
The incidence and prevalence of root resorption in the general population has been 
difficult to assess accurately, since radiographs and histological sections have been used for 
this purpose. These methodologies have tended to induce biases in the studies since the 
samples used involve populations with such records available. In addition to the 
aforementioned problem, the variation in identification techniques that have been utilised in 
the past increase the inaccurate epidemiological data gathering. 
Depending on the source of information, prevalence of 0% to 100% has been reported in 
untreated subjects. Based on histological results up to 100% of individuals are found to be 
affected;6 and incidence varying from 0%7 to 100%8 when radiographs are used as diagnosis 
technique. The results of histological surveys suggest that a certain amount of apical root 
resorption may be a normal physiological process.  
Results are not too different amongst the treated population. Little can be interpreted 
from the statistics, since 0%11 to 100%36 of patients have also been reported to experience root 
resorption. The incidence does seem to be influenced by orthodontic treatment. After 
analysing periapicals of maxillary and mandibular incisors on an adult population, Lupi and co-
workers9  reported 15 % of their sample had root resorption before treatment and increased 
to 73% after at least 12 months of treatment. Amongst adolescents, incidence of root 
resorption is between 5 and 18 percent.10-13 
Orthodontic tooth movement without root resorption of some extent is almost impossible 
since root resorption has even been described in non-treated teeth.  Moderate to severe root 
resorption has been reported to occur with a frequency of 10-20%.12,25 According to Van 
Loenen et al.152 70% of the central incisors and 76% of the laterals manifested root resorption 
at the end of treatment with no statistical significance between both groups of teeth.  
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Levander and co-workers153 reported significant root resorption following orthodontic 
treatment; only 1% of the studied population had more than one third of the root affected. On 
the contrary, Mirabella and Artun13 observed one or more teeth with 2.5mm of resorption in 
40% of the patients. While 5% of adults13 and 2% of adolescents11 are likely to have at least 1 
tooth with resorption of more than 5mm during treatment.  
2.3.5  Diagnosis of Root Resorption 
2.3.5.1  Conventional Radiographs 
Radiographs are the most popular tool in the diagnosis procedure. Buccal and lingual root 
resorptions are not assessed using this technology. Sensitivity of conventional and digital 
radiograph has been found to be similar.56,154 Neither radiographic technique revealed many of 
the small cavities; whereas for larger cavities sensitivity was 75 percent for the digital images 
and 83 percent for the film-based radiographs. Some digital systems enable earlier 
quantification of small alterations in root length with the distance measurement function; 
which constitutes an advantage over conventional systems.56  
The orthopantomogram has the advantage of producing less radiation for the patient and 
are simpler and faster to obtain than a full mouth periapical study. At the same time, this type 
of radiograph provides a broader view of surrounding structures, which are very valuable for 
an adequate diagnosis.  However, it has limitations such as being very technique sensitive. The 
quality of the image is dependent on correct patient positioning and the closeness of the 
desired anatomical structures to the focal trough. The amount of magnification varies, but in 
average it ranges between 20-35% enlargements. The magnification is relatively constant in 
the vertical dimension but horizontal measurements are less reliable.155  
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According to Sameshima and Asgarifar,156 if initial and final orthopantomograms are used 
for root resorption assessment, the results may be exaggerated by 20%. The lower incisor area 
is the most likely to be distorted to the extent of compromised diagnosis of post-treatment 
evaluation. 
2.3.5.2  Cone-beam Computed Tomography 
This diagnostic method is currently used in several diagnostic areas, such as implant 
treatment, oral surgery, endodontic treatment, temporomandibular joint imaging, amongst 
others. The great advantage of this technology is that it offers three-dimensional imaging of 
dental structures and provides clear images of highly contrasted structures, such as bone.  
The cone beam computed tomography (CBCT) scanners utilise a two-dimensional detector, 
which allows for a single rotation of the gantry to generate a scan of the entire head, as 
compared with conventional scanners whose multiple “slices” must be stacked to obtain a 
complete image. CBCT scanners are based on volumetric tomography, where they produce a 
cone shaped x-ray beam that is large enough to encompass the region of interest. This type of 
beam uses the x-ray emissions very efficiently; it allows for the acquisition of the image data in 
one revolution of the x-ray source and detector without the need for patient movement. 
It involves a 360° scan in which the x-ray source and reciprocating area detector move in 
synchrony around the patient’s head. At certain degree intervals, single projection images are 
acquired.  Software programs incorporate sophisticated algorithms that are applied to the 
image data to generate a three-dimensional volumetric data set, which is then used to 
reconstruct images in three planes (axial, sagittal and coronal).  
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Compared with conventional computed tomography, CBCT has important advantages in 
clinical practice such as lesser radiation dose, image accuracy, rapid scan time, fewer image 
artefacts, chair-side image display and real-time analysis.157 
In orthodontics, CBCT imaging has been restricted to impacted teeth, temporomandibular 
joint visualization, and analysis of bone volume and cleft patients. Dudic et al.158 compared 
orthopantomograms (OPG) with cone-beam computed tomography in evaluating 
orthodontically induced root resorption. Their findings suggested that 69% of the teeth were 
diagnosed as having apical root resorption by CBCT, whereas only 44% was detectable by OPG. 
Additionally some of the teeth could not be evaluated on the orthopantomogram, which 
aggravate the underestimation of root resorption with this method.  
A similar research was performed by Estrela and co-workers,159 where they compared 
CBCT with periapical radiographs as diagnostic tools for root resorption. They concluded that 
root resorption was determined more accurately and at earlier stages by using CBCT scans 
than radiographic images; particularly due to the three-dimensional view. 
In the time being, CBCT has not replaced orthopantomograms, which remains the primary 
imaging modality. Nevertheless, in complex cases were signs of root resorption are visible on 
orthopantomograms before or during treatment, CBCT may be useful in assessing the severity 
of the situation. 
2.3.6  Mechanisms of Root Resorption 
 Orthodontically induced inflammatory root resorption occurs in conjunction with 
orthodontic tooth movement and is associated with local compression of the periodontal 
membrane. Over-compression of the periodontal ligament will result in tissue hyalinisation40 
which removal will involve a chain of biologic responses. It has been suggested that root 
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resorption may be a side effect of the cellular activity associated with the removal of necrotic 
tissue from the aforementioned hyalinised zone.5,160 
Because of the hyaline zone, signals coming from the sterile necrotic tissue will activate 
macrophage-like cells. These cells are negative for Tartrate Resistant Acid Phosphatase (TRAP). 
Macrophages are scavenger cells from the hematopoietic lineage, and their role is to eliminate 
necrotic tissue. The initial elimination process starts at the periphery of the hyaline zone 
because blood supply to the periodontal ligament exists or is increased in that area.161 The 
nearby outer surface of the root (cementoblast layer covering the cementoid) may be 
damaged during removal of the hyaline zone.41 The root surface is removed a few days later, 
when the repair process in the periphery is already taking place.68,69 
 The resorption process continues until no hyaline tissue is present and/or the force 
level decreases. This also decreases the pressure exerted through force application; the 
decompression allows the process to reverse and cementum to repair.162  
 In addition to the mononucleated macrophage-like cells, the multinucleated TRAP-
positive giant cells without ruffled border are also involved in the hyaline tissue removal.5,160,163 
These may be osteoblasts or odontoclasts that did not come to full expression earlier and that 
become involved in necrotic tissue elimination. After the introduction of a new mechanical 
stimulus, they differentiate into fully developed osteoclasts or odontoclasts in a matter of 
hours.164,165 
After application of force, it can take between 10-35 days for resorbed lacunae to 
appear.36,166 Resorption may also occur if the mineral and matrix surface become closely 
together, or if the pre-cementum is mechanically damaged.151 
This whole cellular response may be triggered by the activity of cytokines. Immune cells 
migrate out of the capillaries in the periodontal ligament and interact with locally residing cells 
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by elaborating a large array of signal molecules.167 The extracellular proteins osteopontin and 
bone sialoprotein have been suggested to have signalling potential in osteoclast adhesion; 
they distribute in a localized manner near resorbing roots and in odontoclasts proximal to 
resorptive lacunae.168 The receptor activator of nuclear factor kappa-beta ligand (RANKL) and 
osteoprotegerin (OPG) have been studied in rats with orthodontic forces. The first one has 
been described as a stimulator of osteoclast differentiation, whereas OPG is an inhibitor.  The 
expression of OPG and RANKL has been detected in periodontal ligament cells in vitro, during 
physiological root resorption and during experimental tooth movement.83 
The expression of mRNA for RANKL and OPG was found to fluctuate in resorbing roots, 
suggesting a role of these proteins in root resorption.163 Concentrations of RANKL in gingival 
crevicular fluid are significantly higher in subjects with mild and severe root resorption when 
compared to those without evidence of root resorption and no previous history of orthodontic 
treatment. RANKL concentration is higher than OPG concentration in treated patients but 
lower in the non-treated patients. OPG may be present in excess amounts over RANKL under 
physiologic conditions and an increased RANKL/OPG ratio in orthodontically treated patients 
could be correlated with an increased bone resorption activity during orthodontic tooth 
movement.133 
There are many proposals regarding the mechanism of OIIRR, however the exact process 
is not fully understood yet. 
2.3.7  Root Cementum and its Resorptive Resistance  
Orthodontic forces applied to the biologic system act similarly on bone and cementum, 
which are separate by the periodontal membrane. Applied forces usually cause bone 
resorption and therefore tooth movement; however, resorption of cementum and dentin may 
also occur.  
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Based on the literature supporting that the highest pressure is located at the alveolar crest 
level, we would expect root resorption in that area to be at least as severe as the apical 
portion. Henry and Weinmann6 suggested that the apical third of the root is more susceptible 
to root resorption than the cervical section. Therefore, a difference in odontoclast activity may 
reduce the sensitivity of the cervical region of the tooth. Hohmann and co-workers39 suggested 
that the different blood sources for vascularisation of the PDL in both parts might be related. 
The supraperiosteal arteries nourish the cervical third, while the apical portion of the PDL is 
supplied by the arteria dentalis. The distribution of the capillary blood pressure along the PDL 
is not known but might also contribute to the differences.  Additionally, apical cementum is 
softer than cervical cementum and there are fewer Sharpey’s fibres that may play a part in 
resorption susceptibility.90,96 
Rex, et al.169 evaluated changes in mineral concentrations within the cementum after 
light and heavy orthodontic forces and compared them with a control group. Their results 
suggest that there is little change in the mineral content after light forces. On the other hand, 
there was a trend towards increased mineral content varied in the areas of PDL compression. 
Heavy forces were capable of decreasing the calcium concentration at certain areas of PDL 
tension. 
Evidence has indicated that damage to these barriers would be followed by local 
breakdown of the root surface. The resorptive defects are repaired by deposition of new 
cementum and re-establishment of a new periodontal ligament.63,161,166 In other words, the 
cementoblasts and the pre-cementum or cementoid play the “protective role” as the root’s 
outer layers. Fibroblasts, osteoblasts, endothelial, and perivascular cells are included in this 
layer. The collagenic materials contained within these layers possess potent anticollagenase 
properties.  Small areas of cell damage in which surface resorption occurs are fully repaired 
with new cementum and periodontal ligament fibres from the adjacent vital parts of the 
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periodontal ligament. The repair of the resorption lacunae starts in the peripheral parts of the 
affected areas even in the presence of active force; while active root resorption is still 
registered in areas of persisting hyalinised tissue. The initial repair appears to be associated 
with deposition of collagen fibrils by adjacent cementoblast/fibroblast-like cells. In the later 
stages of repair, distinct zones of cementum can be differentiated and the repair process is 
similar to the early cementogenesis during tooth development. New mineralised cementum is 
observed on the root surface after 21 days.  Alveolar bone and bone marrow derived cells are 
related to the healing of larger zones of damage that leads to ankylosis.162 
Two sequential orthodontic treatment procedures decrease the extent of 
orthodontically induced root resorption after the second treatment.13 
2.3.8  Root Resorption Repair. 
The healing process of a resorption cavity starts early after orthodontic treatment is 
discontinued. Reitan62 has claimed that additional active resorption lasts for about a week 
after appliance removal, followed by cementum repair that lasts 5 to 6 weeks of orthodontic 
inactivity. With the use of transmission electron microscopy, Faltin et al.170 observed signs of 
repair after four weeks of intrusion in which magnitudes remained constant.  
Repair of orthodontically induced root resorption was also studied by Owman-Moll and 
co-workers.65 They used a light microscope to register root resorption and repair on a 
randomly chosen histological section from each of three different sectional levels of the tooth. 
According to their results, 28% of the resorptive areas had begun repair after 1 week of 
retention and increased to 75% after 8 weeks. During the first 4 weeks most of the samples 
showed partial repair; reaching functional repair after 5, 6, 7 and 8 weeks of retention.  A 
similar study was published by the same group70 in 1998. They described healing in 38% of the 
root resorption as early as 2 weeks after the start of retention; this increased to 83 percent 
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after 6 and 8 weeks. A study on wistar rats reported that the resorption healing rate increases 
significantly with time, form 12.7% after 2 weeks for retention to 62.5-69.5% after 16 weeks. 
Even after 16 weeks, some of the smallest resorption craters had not healed completely.171 
Repair starts at the periphery of the resorption lacunae in association with the invasion 
of fibroblast-like cells from the surrounding ligament.162,172 Others have described the repair 
pattern to begin on the bottom of the resorption cavity, which may extend to the lateral 
walls.64,70 The area, volume, and depth of the craters reduce over time; suggesting that healing 
occurs in all directions.171 
The initial reparative cementum is often of acellular type, but the continued repair 
process of the resorption crater occurs with rapidly formed cellular cementum.70,172 The 
cellular type may be formed when the repair process is fast and cells are captured in the repair 
tissue; whereas acellular cementum would then be associated with slow repair.172  
 In bone, osteoclasts undergoing apoptosis leave a protein layer at the bottom of the 
lacuna; which is composed of osteopontin and bone sialoprotein. That layer is reorganized 
later as the cemental line with which osteoblasts meet on bone formation. It has been 
reported that a specific cementum attachment protein identified in human cementum has the 
ability to bind to mineralised root surfaces with high affinity but its role is still under 
investigation.173  
Cheng et al.60 using micro CT technology reported continued root resorption 4 weeks 
after tooth movement has ceased; but least resorption craters were observed after 4 weeks of 
passive retention. When light forces were applied for 28 days, repair seemed to become 
steady after 4 weeks of passive retention; while following 28 days of heavy forces, most 
repairs occurred “after” 4 weeks of passive retention. The total amount of cementum repaired 
did not depend on the magnitude of orthodontic force or retention time. 
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2.3.9  Management and Prevention of OIIRR 
 Patients and parents are to be informed about the risk of OIIRR as a consequence of 
orthodontic treatment. Root resorption should be discussed during consultation.174  Every 
informed consent form should specifically outline the risk of OIIRR.58  When treating a new 
patient whose close sibling was previously treated, orthodontists should try to obtain the final 
diagnostic records including the radiographs of any treated sibling. 
 It is uncertain during the first months of treatment. After 3 months, apical root 
resorption can be detected in only a few teeth. Taking this into consideration, control x-rays 
may be taken after 5-6 months of treatment; except in high risk cases such as blunt and 
pipette-shaped roots where 3 months follow up is recommended56. Root shape is much harder 
to asses on a panoramic radiograph; consequently, periapical radiographs are useful to 
compare pre-treatment and post-treatment root resorption. Root resorption of the upper 
incisors during the initial 6-9 months of treatment with fixed appliances indicates high risk for 
continued resorption during the subsequent treatment.12,56,57 When root resorption is 
detected during active treatment a decision has to be made in regards of continue, modify or 
discontinue treatment. If one of the first two options is taken, extremely heavy forces should 
be avoided. Treatment could also be halted for 2-3 months with passive archwires.58 A 
practical solution could be to stop treatment for 3 months in one arch while working on the 
other. The treatment goals should be reassessed with the patient when severe resorption is 
identified; for example, alternative options which might include prosthetic solution, close 
spaces, releasing teeth from active arches, stripping instead of extracting and early fixation of 
resorbed teeth.   
Initial plus follow-up periapicals 6 and 12 months into treatment have been proven an 
excellent tool for monitoring root resorption during treatment.  Ărtun and co-workers175 have 
stated that the risk of severe resorption is minimal in patients with no incisor with more than 
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1mm of resorption after about 6 months and more than 2mm of resorption after about 12 
months of active treatment. 
After treatment, follow-up radiographs are recommended until resorption is no longer 
evident.61 Some authors have reported that markedly resorbed teeth can function clinically 
reasonably well several years post-treatment.2,17  
The long-term outcome is influenced both by root length and by alveolar bone support. 
The risk on these cases increases when there is additional alveolar bone loss; thus further 
minimising tooth attachment. Investigators have stressed the fact that apical root resorption is 
less critical than crestal bone loss is; particularly in the initial stages of root resorption.2,9,21 
A reduced attachment in combination with a short root might lead to tooth mobility, 
which in animal experiments has been shown to increase the risk of further breakdown of 
alveolar bone.176 According to Kalkwarf et al,177 4mm of root resorption translates to 20% of 
periodontal attachment loss whilst 3mm of apical root loss to only 1mm of crestal bone loss.  
Jönsson et al.61 stated that increasing mobility could be expected with age in teeth with 
extremely resorbed roots (root length less than 10mm). On the other hand, teeth with longer 
root lengths and healthy periodontium remain stable. Remington and his group2 evaluated 
OIIRR long term. The sample involved 100 patients from which only two had manifested 
hypermobilty. The study reported progressive remodelling of the root surface following active 
orthodontic therapy; including smoothing and remodelling of sharp edges and the 
reinstatement of periodontal membrane width. Teeth that suffered severe root resorption 
appeared to maintain a reasonable level of function. 
 Endodontic treatment should be considered when extreme resorption has occurred.174 
It should be noted that cemental repair or termination of the active process of resorption 
occurs naturally after the removal of orthodontic forces.65,70 
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It must be concluded from the body of evidence existing in the literature that the sequel of 
orthodontically related resorption does not pose a long-term threat to the patient. The 
combined long-term effects of apical root resorption and alveolar bone loss may not have such 
a seemingly innocent consequence. 
2.3.10 Aetiology and Risk Factors Associated with OIIRR 
2.3.10.1 Biological Risk Factors 
2.3.10.1.1 Individual Susceptibility-Genetics and Ethnicity 
It is considered one of the major factors in determining root resorption potential. 
Newman15 was the first to formally propose genetic bases for root resorption. A variety of 
research have exposed that severity of root resorption in response to orthodontic forces is 
determined by individual variation at different times.16,17,174 Metabolic signals such as 
hormones, body type, and metabolic rate may generate changes in the relationship between 
osteoblastic and osteoclastic activity. They may modify specific cell metabolism and the 
person’s reaction pattern to disease and trauma.63 
Familial clustering of root resorption was first reported in 1975, although the pattern of 
inheritance was not clear.15 Root resorption may develop without previous orthodontic 
treatment, this explains individual vulnerability. There was no direct evidence for a genetic 
predisposition until sibling-pair models showed a heritability estimate of 0.8 for the maxillary 
incisors.178 Although heritability estimates do not provide information about the number of 
possible genes contributing to the phenotype, Harris, et al.178 indicated that there is probably 
an important genetic predisposition to apical root resorption. The genetic variation accounts 
for approximately 64% of the total phenotypic variation. A retrospective twin study on apical 
root resorption showed that the concordance scores for monozygotic twins (44.2% qualitative 
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and 49.2% quantitative) were approximately twice those of dizygotic twins (24.6% for 
qualitative measurement and 28.3% for quantitative). These results indicate a strong genetic 
influence on OIIRR; whereas the concordance for identical twins was less than 100%, which 
indicate environmental effects.18 
Susceptibility to orthodontically induced root resorption has been demonstrated in mice; 
were the genetic influences appear to be polygenic with a possible major gene influence.179 
Various pro-inflammatory cytokines synthesised by interleukin-1 (IL-1) and tumour 
necrosis factor (TNF) elicit acute or chronic inflammation. The presence of IL-1 in the 
periodontal tissue during tooth movement further implicates a role for these mediators in 
tissue resorption. Increased levels of IL-1β have been found in both the gingival crevicular 
fluids and the gingival tissues of patients undergoing orthodontic treatment. IL-1β has been 
implicated in bone resorption accompanying orthodontic tooth movement. Significant 
evidence of linkage disequilibrium of IL-1β  polymorphism in allele 1 and external apical root 
resorption has been found by Al-Qawasmi et al.180 The observed low production of IL-1β  in 
allele 1 could result in less catabolic bone modelling at the cortical bone interface. This might 
result in a prolonged stress concentration on tooth roots, triggering a cascade of fatigue-
related events leading to root resorption.180  
TNFRSF11A encodes the receptor activator of nuclear factor-kappa β (RANK). RANK 
belongs to the TNF-receptor superfamily and with RANKL (RANK-Ligand) mediates signal 
leading to osteoclastogenesis.181 Mineralisation and cementum formation is determined by the 
product of tissue non-specific alkaline phosphatise (TNSALP), which is another gene involved in 
external root resorption. In fact, mice lacking of functional TNSALP gene have defective 
acellular cementum formation along the molar roots and delayed tooth eruption.182 
Analysis of root resorption after light and heavy extrusive orthodontic forces. Micro-CT 
study and Finite Element Analysis 
 
By Vanessa Jiménez Page 49 
In relation to ethnicity, Sameshima and Sinclair27 have reported White and Hispanic 
patients to be more vulnerable to root resorption than Asians.  
2.3.10.1.2 Gender and Chronological Age 
Chronological age may not be a significant influence in the development of root 
resorption; but all tissues involved in this process show changes with age. The periodontal 
membrane looses vascularity, becoming aplastic and narrow; the bone develops into a more 
dense, avascular and aplastic structure, and the cementum wider. Factors such as periodontal 
ligament characteristics and muscular adaptation to occlusal changes may be more favourable 
in young patients.11,27,68,178,183 Mirabella reports that 40% of adults had one or more teeth with 
over 2.5mm of resorption compared to 16.5% in adolescents. 13 
No evidence has been found for a sex or age difference in susceptibility;27,178,184 although 
Baumrind et al.,30 amongst others8 have  reported higher incidence in men over 20 years old. 
2.3.10.1.3 Asthma and Allergy 
A possible association between excessive orthodontic root resorption and pathological 
conditions involving the immune system is supported by the presence of primed leucocytes in 
the peripheral blood, which originate in diseased organs. 
 Davidovitch et al. induced allergic asthma in guinea pigs and applied an orthodontic 
force against the maxillary molars. Root resorption was not observed but the number of 
alveolar bone osteoclasts in areas of compressed PDL increased over the controls, suggesting 
that chemical mediators produced in asthmatic state may influence cell populations and 
subsequently the resorption process.19 They also reviewed orthodontic patient records at the 
University of Oklahoma and discovered that the incidence of asthma, allergies and signs of 
psychological stress were significantly higher in patients who had experienced excessive root 
resorption.20  
Analysis of root resorption after light and heavy extrusive orthodontic forces. Micro-CT 
study and Finite Element Analysis 
 
By Vanessa Jiménez Page 50 
Eosinophils are involved in allergic and non-allergic inflammation. In addition, they are 
able to release cytotoxic granule proteins and produce superoxide and cytokines. These 
capabilities are linked to the production of tissue damage and physiologic derangements that 
are characteristic of asthma.185 
McNab and co-workers19 have described higher incidence of root resorption in 
asthmatic patients than healthy controls; especially on both roots of the maxillary right first 
molar, mesial root of the maxillary left first molar and mesial root of the mandibular left first 
molar. The results were only statistically significant on the mesial root of the maxillary left first 
molar. However, both asthmatics and healthy patients experienced similar amounts of 
moderate and severe resorption.  
A similar investigation was performed in a Japanese population by Nishioka and his 
group.20 They strongly support the hypothesis that allergy and asthma may be high-risk factors 
for excessive root resorption during orthodontic treatment. 
The incidence of root resorption on posterior teeth in asthmatic patients may be related 
to changes in the immune system. Increased numbers of inflammatory cell progenitors have 
been reported in peripheral blood of atopic asthmatics and in the bone marrow. In the case of 
the upper first molar, the resorption may result from the proximity of the upper molar roots to 
the inflamed maxillary sinus and the presence of the inflammatory mediators.19  
Allergy and asthma (both medicated and non-medicated) have showed to be a risk 
factors that is confined to a slight blunting of the maxillary molars. Therefore, asthmatics may 
only have a minimal risk which may not affect the function or longevity of posterior teeth.19 
Owman-Moll and Kurol71 have also suggested that patients with allergies are at risk of root 
resorption, although findings were not statistically significant.  
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2.3.10.1.4 Endocrine and Hormone Imbalances 
Endocrine problems including hypothyroidism, hypopituitarism, hyperpituitarism and 
other diseases are related to root resorption. Hormonal imbalance does not cause but 
influences the phenomenon.11 Secondary hyperparathyroidism results in more rapid tooth 
movement because of the increased bone metabolism and reduced bone density present. 
Therefore, the risk for root resorption is higher in subjects where a decreased bone turnover 
rate is expected, like patients with hypothyroidism.21,22 Studies suggest that although the level 
of parathyroid hormone in the serum plays an important role, reduced calcium levels may be 
needed for root resorption to occur.21,23 
Pharmacological agents like L-thyroxine has an inhibitory effect on root resorption and 
clinical application has been attempted.186 Research on rats during 10 days has shown 
decreased amount of root resorption by about 50%.187 Prednisolone in rats has shown to have 
similar effects.188  
2.3.10.1.5 Nutritional Imbalance 
According to Linge and Linge11 nutritional imbalance is not a major factor in root 
resorption during orthodontic treatment. However, Calcium and Vitamin D deficiency will 
result in hypocalcemia; which increases alkaline phosphatise activity and circulating 
parathyroid hormone (PTH), resulting in more rapid bone resorption and more severe root 
loss.3,21 
2.3.10.1.6 Medicaments Consumption 
The role of drugs in root resorption has been reported in recent publications. On this 
matter, potent bone resorption inhibitors like bisphosphonates cause a dose-dependent 
inhibition of root resorption in rats.22,189 Opposing this view, Alatli et al.190 stated that 
bisphosphonates induced cementum surface alteration, inhibited formation of acellular 
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cementum and delayed formation of cellular cementum, thus actually increasing the 
vulnerability of the tooth root to the resorptive problem. 
Non-steroidal anti-inflammatory drugs (NSAID) are the most common medications taken 
for treatment of pain, inflammation and fever. A lot of controversy exists on these drugs. Some 
researchers191,192 have found them to interfere with tooth movement and root resorption 
whereas others have disagreed.193-196 Considerable variation of NSAID types and dosage used 
on experiments may explain the different results. Villa and her group196 investigated the 
relationship between NSAID (nabumetone) and root resorption on human premolars. Their 
results stated that NSAID (nabumetone) reduces root resorption as well as pain caused by 
intrusive orthodontic force, without affecting tooth movement. Gonzales et al.197 reported that 
only celecoxib suppressed tooth movement as well as root resorption in rats from the NSAID 
drugs they evaluated. The threshold dose for celecoxib to initiate odontoclastic activity may be 
higher than the required for osteoclastic activity; since a low dose decreased tooth movement 
and did not affect root resorption.  
Synthetic steroids are used as anti-inflammatory and immunosuppressive agents in the 
treatment of a great variety of chronic medical conditions. Corticosteroids interfere with the 
coupling of resorption and deposition cycle in normal bone.  Administration of corticosteroids 
in doses of 15mg/kg to rats during orthodontic treatment increases root resorption,198 
whereas low doses of 1 mg/kg decreases root resorption on the compressed side without 
affecting the magnitude of tooth movement.188,197 Verna and co-workers199 found root 
resorption to be significantly higher in rats undergoing acute corticosteroid treatment when 
compared with the chronic and control group.  
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2.3.10.1.7 Habits 
Nail-biting and tongue thrust are associated with open bite. The increased tongue 
pressure and mechanics employed in the correction of open bites have been related to 
increased root resorption.8,11,15,174,200 There is no agreement regarding nail-biting as an etiologic 
factor in particular. Some studies find the resorption index to be significantly higher before 
orthodontic treatment in nail-biting patients,8,15 whereas others report no greater incidence.11 
The involvement of tongue thrust in the development of root resorption has been supported 
by Harris and co-workers;200 but patients are more likely to be affected by the elastic wear 
required for their treatment than by the habit itself. 
2.3.10.2 Dental Risk Factors 
2.3.10.2.1 Pre-existing Root Resorption 
Root resorption has been shown to occur as a physiologic process, without known force 
variables in erupted and unerupted teeth in non-treated patients.76,77 Several hypothesis have 
been described to justify this phenomenon; such as the distribution of forces generated during 
orofacial function, eruptive forces of teeth, hard tissue remodelling and turnover, systemic 
factors and masticatory forces which would apply for erupted teeth.77 
There is a high correlation between the amount and the severity of root resorption present 
before treatment and the root resorption developed after orthodontic treatment.8,10,15 The 
incidence of root resorption increases form 4% before treatment to 77% after orthodontic 
treatment.201  
2.3.10.2.2 Dental Trauma 
Traumatised teeth may experience external root resorption without orthodontic 
treatment.  Three types of root resorption have been described after trauma: uncomplicated 
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surface resorption, progressive inflammatory resorption and replacement resorption.24 Slight 
and moderate injuries, such as crown fractures and subluxations cause progressive 
inflammatory or replacement resorption in less than one percent of injured teeth.24 
Progressive resorption is seen after severe periodontal injuries, such as intrusion, extrusion 
and lateral luxation in 8-11% of affected teeth. The worst prognosis has been given to teeth 
that have been reimplanted which experience progressive resorption in 74-96% of the cases.24 
Orthodontically moved mild and moderate traumatised teeth with previous root 
resorption are more sensitive to further resorption; whereas traumatised teeth with no sign of 
resorption are not resorbed more than non-traumatized teeth.10,25 
The average root loss for trauma patients after orthodontic therapy is 1.07mm 
compared with 0.64mm for un-traumatised teeth.11 Apical root resorption may occur 
independently of pulp obliteration and/or endodontic treatment, and it did not necessarily 
start early in treatment. Persistent trauma such as lip/tongue dysfunction and possibly 
inadequate adaptation to morphologic changes during orthodontic treatment may be similar 
to apical root resorption caused by acute trauma.26 
2.3.10.2.3 Previous Endodontic Treatment 
 Conflicting reports remain in the literature regarding the susceptibility of 
endodontically treated teeth to root resorption during orthodontic treatment. A higher 
frequency and severity of root resorption of endodontically treated teeth during orthodontic 
treatment has been reported; although they move as readily as vital teeth.202 Mah et al.203 also 
reported that root-filled teeth showed greater loss of cementum after tooth movement in 
ferrets. However, it has also been suggested that endodontically treated teeth are more 
resistant to root resorption because of an increased dentin hardness and density.2,28 Spurrier 
and co-workers’s204  results indicated that there was very little clinical difference in the amount 
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or severity of root resorption between vital and non-vital teeth; but on statistical levels proved 
endodontically treated teeth to be at less risk. Some studies showing an increase in root 
resorption may be biased as they take into consideration non-vital teeth which are treated 
endodontically as a result of trauma.202 Esteves and co-workers205 reported that there was no 
statistically significant difference in apical root resorption found in endodontically treated 
teeth compared to vital teeth. 
2.3.10.2.4  Abnormal Dental Morphology 
Root morphology like pipette shaped, dilacerations, narrow root and taurodontism may 
increase the risk of root resorption due to the greater loading of the roots during orthodontic 
treatment; as well as tooth agenesis, ectopic and transplanted teeth.12,27-29 Dilacerated teeth 
represent the group with higher risk or foot resorption followed by bottled-shaped and 
pointed teeth.27 On the other hand, teeth with short or blunt roots are not at increased risk of 
resorption. This might be related to the fact that a longer root is displaced farther for equal 
torque.27,28 Dental invaginations cannot be considered a risk factor for root resorption 
according to Mavragani et al.206 
Kjær has suggested that dental anomalies on at least one tooth are a major risk factor for 
orthodontic root resorption.207 However, there is no evidence that dental anomalies increase 
the risk of root resorption according to several investigators.206,208,209 
Oyama and co-workers29 tried to clarify the relationship between abnormal root 
morphology and root resorption. They constructed FEM of five different root shapes for a 
central incisor according to the classification derived from Levander and Malgrem12 and 
applied vertical (intrusive) and horizontal (lingual) forces. The normal shaped root showed no 
significant stress concentration at the root apex; while the short root developed significant 
stress concentrated at the middle of the root. The blunt root model revealed no significant 
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stress concentration at the root with lower stress at the apex than a normal root. When the 
root apex was modelled dilacerated, the stress concentrated at the mesial and distal surface of 
the root apex during intrusive force application and at the labial and lingual when a lingual 
force was applied. Finally, in pipette roots the stress concentrates at the neck of the root apex, 
regardless of the direction of force applied.  
2.3.10.2.5 Periodontal Status 
 Periodontal disease, habits like nail-biting, lip/tongue dysfunction increase the risk 
of external root resorption during orthodontic treatment.71 Hypofunctional periodontium has 
exhibited progressive atrophic changes in all functional structures, and it may accelerate the 
root destruction resulting from the mechanical stress of orthodontic forces.210 
2.3.10.2.6 Tooth Series and Tooth Type Susceptibility  
Different teeth may have different susceptibility to root resorption. Several studies report 
maxillary teeth having a higher risk of root resorption.2,8,145,148,211 The maxillary incisors are the 
most affected by root resorption since most of the forces tend to be transferred to the apex; in 
addition to the fact that maxillary lateral incisors have the highest percentage of abnormal 
root shapes.  The maxillary teeth are affected twice more severely than mandibular teeth.27 It 
is believed that if there is no apical root resorption seen in the maxillary and mandibular 
incisors, then significant apical resorption in other teeth is less likely to occur.8,201 The maxillary 
central incisors may show higher frequency of resorption before treatment which may have 
resulted from being subjected to more trauma than other incisors.9 
After reviewing a series of 200 consecutively debanded patients,  Kaley and Phillips212 
reported over 90% of the maxillary central incisor roots had resorption apparent on careful 
examination of orthopantomograms, and the figure was nearly as high for maxillary laterals. 
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However, over 50% of maxillary and mandibular premolar roots showed no apparent 
resorption.  
Sameshima and Sinclair27 reported that the average amount of resorption found for molars 
and premolars was very low (less than 1mm); there was no difference between right and left 
sides and first premolars had the same amount of resorption as second premolars. There was 
no statistically significant difference between molars or premolars. According to these 
investigators, the prevalence and severity of root resorption in the buccal segments is greater 
in the mandibular teeth than in the maxillary teeth because of the higher density of the 
alveolar bone; but the difference was not significant.  
A micro-CT study performed by the University of Sydney78 revealed that maxillary first 
premolars were more likely to suffer from OIIRR than the mandibular first premolars. The 
results have been explained under the theory that the anatomic structure of the maxillary 
alveolar bone; such as proximity of the sinus and bone density as the increased vascularisation 
of the maxillary bone might transport more inflammatory cells into the resorption areas.  
According to severity, the most frequently affected teeth are the maxillary laterals, 
maxillary centrals, mandibular incisors, distal root of mandibular first molars, mandibular 
second molars and maxillary second premolars.213 Sameshima and Sinclair27 reported a 
variation in the hierarchy; having the maxillary canines as the third most affected tooth, 
followed by the mandibular canines, mandibular central incisors and mandibular lateral 
incisors.  
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2.3.10.2.7 Dental Age and Stage of Root Development 
Orthodontic treatment on teeth with incomplete root formation would not stop the 
developmental process; roots will continue to develop during treatment but somehow they 
are shorter than their expected length.184  
Dilaceration and stunting may be the final result of deflection of the Hertwig epithelial 
sheath in the developing root during tooth movement.214 Treatment increases the incidence of 
dilacerations from 25% before treatment to 33%. This incidence is higher in canines than in 
premolars.215 
2.3.10.2.8 Classification of Malocclusion 
Numerous factors come to bear in the development and treatment of each malocclusion. 
It is therefore not surprising to find numerous conflicting and controversial conclusions in 
recent studies. No malocclusion is immune to root resorption.4   
Kaley and Phillips212 have reported that patients with acceptable overjet and Class I 
occlusion at the beginning of treatment were significantly less likely to develop severe 
resorption. Similar findings have been reported by Tanner et al.;216 who described statistically 
significant differences between Class I and Class II division 1 malocclusions, with the latter 
exhibiting more resorption. The presence of increased overjet seems to be related to root 
resorption since often requires treatment with fixed appliances, active torque with rectangular 
arch wires and use of class II elastics; it also increases the risk of dental trauma.26 Janson and 
co-workers217 found a higher resorption potential for Class II division 2  cases when compared 
to Class I, Class II division 1 and Class III malocclusions. In this situation, the intrusive 
mechanics necessary to correct deep overbite and the excessive torque requirements may be 
highly related to their results. 
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Class III patients were over represented in Kaley and Phillips’212 group with severe root 
resorption and this might be related to the increased chance that proclined maxillary incisors 
will have their roots forced against the lingual cortical plate during treatment. The contribution 
of cortical plates to root resorption has previously been supported by Goldson,201 and related 
to other treatment situations, such as maxillary incisor torque. Teeth subjected to extensive 
movement in the correction of class II malocclusions or during the closure of an extraction 
space may be more susceptible to this phenomenon; however, no statistically significant 
correlation can be found between the severity of resorption and the extent of tooth 
movement.201 
Open bite patients have also been suggested as high risk for root resorption after 
orthodontic treatment. Kuperstein218 compared open bite cases with a control group after 
strict selection criteria. Results showed a significant difference in the amount of incisor root 
resorption in patients with an open bite (2.26 mm) when compared with those with a normal 
overbite (0.93); while treatment factors associated with the increased risk could not be 
detected. 
2.3.10.2.9 Alveolar Bone Density and Bone Turnover Rate 
The density of the alveolar bone may affect the incidence of root resorption. In a less 
dense alveolar bone, there are more marrow spaces which facilitate and improve the action of 
active resorptive cells.23 High bone turnover rate increases the amount of tooth movement but 
the incidence in root resorption after treatment is not statistically significant. On the other 
hand, low bone turnover induces a significantly larger amount of root resorption on roots that 
are not under mechanical loading. Therefore, where turnover of alveolar bone is delayed, root 
surfaces could already be affected by root resorption as a baseline condition.22 
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2.3.10.3 Mechanical Risk Factors 
2.3.10.3.1 Orthodontic Appliances in Relation to Root Resorption. 
Numerous studies have compared different systems but it is still impossible to point out a 
system over the others.  
2.3.10.3.1.1 Fixed vs. Removable Appliances. 
Linge and Linge11 have claimed that root resorption is more significant under fixed 
orthodontic appliances when compared to removable appliances. They found significantly 
more root resorption after elastic wear.  Ketcham147 stated that root resorption could be 
related to the disruption of normal function after the splinting effect of the appliances over a 
long period. On the other hand, the literature has agreed that jiggling forces are likely to 
increase the risk of root resorption.28,30,153 
Root resorption has also been reported in cases treated with plastic aligners.219 Removable 
thermoplastic appliances have been analysed by Barbagallo et al.31 and compared with fixed 
appliances. On this matter, they reported that the difference in root resorption volume within 
both techniques related to the amount of force applied with the fixed orthodontic appliances. 
Light forces produced by fixed appliances and thermoplastic aligners would affect root 
resorption in a similar way.  
2.3.10.3.1.2  Different Fixed Appliance Techniques. 
Beck and co-workers32 evaluated the difference in root resorption between Begg and 
Tweed mechanics. No significant discrepancy was found in any of the tests, but it was pointed 
out that important resorption was observed on those roots systematically intruded. The 
duration of treatment seemed to have had no effect in the degree of resorption. However, 
McNab et al.220 reported that the incidence of root resorption was 2.3 times higher for Begg 
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appliances when compared with edgewise appliances. The higher incidence or root resorption 
with Begg appliance has also been supported by Goldson and Hendrikson201 and a few years 
later by Hall.221 
Similar research performed by Blake and co-workers33 compared Speed appliances with 
edgewise mechanics, concluding that there was no statistically significant difference between 
the two systems analysed.  
There are investigations that disagree when comparing straightwire and standard 
edgewise appliance claiming that there is no statistically significant difference between the 
groups at the end of active treatment.222 However, others have showed significant increase in 
apical root resorption with standard edgewise appliance therapy against straight wire 
edgewise.34 
Alexander223 compared root resorption in patients treated with continuous arch and with 
those treated with sectional arch mechanics, reporting that both treatment options exhibited 
the same level of resorption. He concluded that root resorption may be more influenced by 
individual variability than the “round tripping” of teeth. The down side of this investigation was 
the use of orthopantomogram, which lacks of good definition for root resorption assessment. 
In relation to magnets it is suggested that the increase in force as space closes with time 
can stimulate a more physiologic tissue response and therefore decrease the potential for root 
resorption.35 
None of the literature has been able to demonstrate a clear advantage of one system over 
the others in preventing or controlling OIIRR; therefore, there is no system currently 
recommended. 
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2.3.10.3.2 Duration of Force Application. Continuous vs. Intermittent Force. 
Differences may exist in tissue responses to continuous and discontinuous forces.  An 
intermittent force prevents formation of hyalinised zones; and when the force is inactive, 
allows reorganization of the tissues in the compressed areas as well as facilitating restoration 
of blood flow to the tissues.  On the other hand, a continuous force does not allow adequate 
repair of the damaged cells and blood vessels.  
Harry and Sims36 suggested that duration of force was a more critical factor than its 
magnitude. In contrast, Dermaut and DeMunck7 concluded that there was not significant 
relationship between the duration of the force and root resorption.  
Owman-Moll et al.68 compared the effect of continuous (24hrs. a day / 4-7 weeks) and 
interrupted continuous forces (interrupted 1 week every 4th week) in adolescents and reported 
that there was no difference in the amount or severity of root resorption. Constant forces 
move teeth significantly more than intermittent forces.   
Depth of the resorption lacunae does not differ between constant and intermittent 
force application; however, perimeter, area and volume of the resorption lacunae with 
continuous force application are 140% greater than with intermittent forces.224 This also 
supported by Reitan,7 who has stated that light-interrupted forces would help prevent 
excessive resorption because rest periods during tooth movement would enhance repair of 
resorbed lacunae. The pause in treatment with intermittent forces allows the resorbed 
cementum to heal and prevents further resorption. Maltha et al.37 experimented in dogs and 
corroborated these results; concluding that intermittent forces resulted in 40-70% less root 
resorption than continuous forces. 
Acar et al.16 applied 100g tipping force to experimental premolars by means of elastics; 
one side received a continuous force and the contralateral rested 12hrs per day (discontinuous 
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side). After 9 weeks it was observed that percentage of affected areas was smaller and apical 
blunting was less severe on the discontinuous force side. However, this study does not control 
compliance and using mandibular and maxillary premolars as equivalent may not be valid. On 
the other hand, intermittent forces have been linked in their detrimental effects to jiggling 
forces.221 
A micro-CT study involving buccally directed intermittent forces providing a resting 
period of 3 days followed by 4-day force application period would produce significantly less 
root resorption than a similarly directed continuous force of the same magnitude and 
duration.38 Barbagallo et al.31 compared control teeth, light and heavy forces applied by a 
cantilever spring and forces applied through thermoplastic appliances.  Their results showed 
that control teeth had fewest resorption cavities and light-forces produced approximately 5 
times more root resorption. Thermoplastic appliances would produce 6 times more cavities 
than control; and heavy-force group results were 9 times greater than control teeth. They 
concluded that the intermittent forces produced by removable thermoplastic appliances 
generate similar effects on root resorption as constant light forces produced by fixed 
orthodontic appliances (25g).31 
It is relevant to mention that intermittent forces result in less tooth movement than 
continuous forces during the same period.68,224,225 The fact that teeth under intermittent forces 
move over a shorter distance may be a confounding factor in most of the literature comparing 
continuous versus intermittent forces.  
In relation to interrupted treatment, the amount of root resorption has been found to be 
significantly less in patients which treatment has been paused for a few months according to 
Levander et al.58 The interruption of forces facilitates the reorganisation of damaged 
periodontal tissue and reduces root shortening. Seventy five percent of root resorption sites 
show complete repair with secondary cementum.65 
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2.3.10.3.3 Magnitude of Force Application. 
Approximately eight decades ago, Schwarz40 recommended the use of forces that did 
not overcome the capillary blood pressure in order to avoid hyalinisation. The close relation 
between removal of hyalinised tissue and root resorption has been developed throughout the 
years. This has led to the idea that the distribution of resorbed lacunae is highly related to the 
amount of stress on the root surface; and the rate of lacunae development is more rapid with 
increasingly applied forces. Current investigations have supported this idea. Hohmann et al.39 
simulated lingual root torque using finite element model; which was developed from 
premolars that had undergone orthodontic forces and had been extracted for root resorption 
evaluation. They applied forces that exceeded the capillary blood pressure and compared the 
stress distribution in the PDL with the root resorption distribution on the extracted tooth. 
Hohmann et al.39 concluded that regions where the capillary blood pressure was not exceeded, 
no root resorption occurred; whereas root resorption was observed in areas where the stress 
overcame capillary blood pressure. Additionally the resorption was greater when higher forces 
were applied. 
Under light microscopy, Hellsing and Hammarström41 identified hyaline zone on the 
pressure side of rat molars as early as one day after the application of an initial force 250mN. 
Cementum resorption involving dentine could be noticed after one week of treatment, while 
reparative cementum was found two weeks after treatment stoped. 
According to Harry and Sims,36 loss of root length would occur within 35 days with forces 
as light as 50g under continuous intrusive forces of varying magnitude and duration. After 70 
days of mean activations of 50-200g, the ongoing apical resorption was accompanied by 
cellular cementum repair. In these cases, the distribution of the root resorption craters was 
directly related to the amount of stress of the root surface. 
Analysis of root resorption after light and heavy extrusive orthodontic forces. Micro-CT 
study and Finite Element Analysis 
 
By Vanessa Jiménez Page 65 
Several studies have concluded that higher stress causes more root 
resorption.36,39,42,52,79,80,226  On the other hand, Owman-Moll claimed that root resorption was 
not very force-sensitive but there was a large individual variation.68,69 Additionally, these were 
histological studies and did not quantify the amount of root resorption in three dimensions.  
Rapid maxillary expansion appliances have been related to OIIRR of upper first molars and 
premolars.44,64 The explanation for the detrimental effects involves the use of heavy buccal 
forces that compress the premolars and molars against the buccal cortical plates.  
In 2005, Chan and Darendeliler50 used pairs of stereo images and three-dimensional 
quantitative volumetric analysis to evaluate root resorption. They stated that the mean 
volume of the resorption craters under light forces was 3.49-flod greater that in the control 
group; whereas in the heavy group it was 11.59-fold. When the total resorption volume of the 
heavy group was compared with the light group, the result showed it to be 3.31-fold greater in 
the heavy group. The amount of resorption recorded in the light-force group was not 
statistically significant when compared with the controls. Barbagallo et al.31 also studied heavy 
versus light forces and reported that heavy forces produced 9 times greater loss of root 
structure than the control; whereas light forces showed to be 5 times greater than controls. 
Direct proportionality of root resorption and the amount of force applied has also been 
demonstrated by other investigators.36 78 
The lack of consistency regarding force magnitude and root resorption must be 
associated with a wide variation in methodological designs. 
2.3.10.3.4 Extent of Tooth Movement. 
Teeth that are moved large distances possess an increased risk of root resorption since 
they undergo longer activation.43 According to Mirabella and Ărtun,28 movement of the roots 
in an anterior or posterior direction is highly associated with root resorption. It has also been 
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referred in the literature that the horizontal movement of the root apex seems very significant 
in the development of root resorption. Upper incisors possess the highest risk of OIIRR since 
they are commonly moved the greatest distance; especially in extraction cases.7,44,213 
2.3.10.3.5  Treatment Duration. 
Most studies report that the severity of root resorption is directly related to treatment 
duration.43,45 Levander and Malmgren12 have found that 34% of examined teeth showed root 
resorption after 6-9 months of treatment; which increased to 56% at the end of treatment (19 
months). Sameshima and Sinclair44 described a significant relationship between duration of 
treatment and root resorption on maxillary central incisors. Similarly, Liou and Chang’s46 
results after en-masse maxillary anterior retraction support the fact that longer treatment 
time is related to higher incidence of root resorption.  
It is relevant to highlight that the longer treatment time is often related to the severity of 
the case, which may imply larger movements. The length of treatment is also influenced by the 
treatment plan and patient cooperation. Therefore, the reason for extended treatment may 
significantly affect the risk for root resorption. In fact, a patient who repeatedly misses 
appointments may be in treatment for a prolonged period despite limited periods of 
activation. 
Levander et al.58 investigated the effect of a pause in active treatment on teeth that had 
experienced apical root resorption during the initial 6-months of treatment. They showed that 
the amount of resorption was significantly less in patients treated with a pause than those 
treated with continuous forces without the pause.  
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2.3.10.3.6 Extraction vs. Non-extraction Treatment. 
There is controversy on this topic and both techniques have the potential to produce 
damage. No difference has been reported in the extent of root resorption in patients treated 
with and without extractions.211 On the other hand, McNab and co-workers220 have stated that 
the incidence of root resorption after treatment with extractions was 3.72 times higher than 
non-extraction treatment. Sameshima and Sinclair44 also reported extraction to be a significant 
factor in root resorption; but interestingly, patients with only upper premolar extractions did 
not have more resorption than those with non-extraction treatment.  
2.3.10.3.7 Transplanted Teeth 
Transplanted teeth are very technique sensitive and extreme care of the PDL during the 
procedure will determine success. Fully assimilated transplanted teeth react to orthodontic 
force in a similar way to normal teeth.227 
2.3.10.3.8 Type of Tooth Movement 
2.3.10.3.8.1  Intrusion and OIIRR 
Orthodontic intrusion has been described as one of the most detrimental orthodontic 
tooth movement for root resorption susceptibility.36 Intrusion of single and multi-radicular 
teeth has been associated with root resorption at the apices and in the inter-radicular 
area.47,79,80 During intrusive tooth movement the PDL compression mainly concentrates at the 
apex;49,214 therefore it has been stated that intrusion of teeth causes about four times more 
root resorption than extrusion.48  
Reitan1 studied apical root resorption after intrusive movements in 18 premolars. He 
compared heavy forces of 80-90g to light forces, which did not exceed 30g. Light microscopy 
was utilised to analyse the sample after extraction of the teeth. Results revealed that apical 
resorption increased in cases in which strong forces had been applied.  
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A scanning electron microscope study was performed by Harry and Sims.36 They 
investigated different intrusive force magnitudes and their effect on root resorption in human 
premolars. The forces utilised were 50, 100 and 200g over intervals of 14, 35 and 70 days. They 
concluded that intrusive forces have a significant effect on root resorption when compared to 
controls. The severity increased with duration of treatment; and to a lesser extent, it is 
affected by force magnitude. Similar results were also supported by McFadden et al.211 
Intrusion and torque have a higher force per unit area, and thus cause more tissue 
necrosis and root resorption.17 Dermaut and De Munck7 studied intrusion of upper incisors 
using radiographs. They found a mean root length loss of 18% (2.5mm) after comparing before 
and after treatment periapicals. They did not establish any relation between the amount of 
apical resorption and the position of the apex in relation of the nasal floor. They did not 
describe any association between the amount of root resorption and the achieved intrusion, 
neither with the duration of the intrusion mechanics. Their results coincide with several other 
studies.44,59,80 
 Faltin and co-workers79 studied intruded premolars under scanning electron 
microscopy. They found light forces (50cN) produced root resorption mainly close to the apical 
foramina area; whereas heavy forces (100cN) produced deeper and more extensive resorptive 
areas that covered almost the entire apical third. Similar results have also been reported 
previously in the literature.36,80 
A comparison between intrusion and extrusion was performed by Hans and co-
workers48 in an intra-individual study. The force applied was 100cN for eight weeks and a 
scanning electron microscope used to analyse the data. Their results supported the idea of 
apical portion being the most affected area; and determined that intrusive movements 
produces four times more root resorption than after the application of  extrusive forces. 
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In 2006, Harris et al.76 corroborated the aforementioned results with a three 
dimensional quantitative analysis of the amounts of root resorption. The volume of root 
resorption craters was directly and significantly proportional to the magnitude of intrusion 
force used.  
Animal studies have found little evidence of root resorption after intrusive forces. 
Carrillo and co-workers47 reported less than 0.1mm of resorption in multi-rooted teeth on 
beagle dogs. None of the periapical radiographs showed any blunting of the apices, and 
resorption was not associated to the amount of force applied. Daimaruya et al.228 reported 
similar amounts of resorption radiographically on beagle dogs. Their sample showed affected 
cementum after 4 months, and resorption reached dentine after 7 months of intrusive forces. 
Dellinger80 experimented on monkeys and supported the fact that force magnitude was 
related to root resorption; decreasing the incidence of resorption as the forces were lighter. 
He described severe root resorption with 300g, moderate with 100g, and slight resorption with 
10-50g. 
Finite element analysis by Shaw et al.119 showed stresses at the root apex to be higher 
and distributed differently during intrusion compared with other movements. Oyama and co-
workers29 observed a higher stress level at the labial and lingual surface of the root apex; 
which could be explained by labial crown torque that would be generated when applying an 
intrusive force on the buccal surface of the crown. 
2.3.10.3.8.2  Extrusion and OIIRR 
Extrusive tooth movement is considered to induce the least root resorption when 
compared to other types of tooth movement. This may be the reason for the scarce literature 
on this specific type of tooth movement.  
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Reitan1 evaluated extrusion in human premolars by light microscopy. He evaluated 30 
teeth, 16 of which received forces between 25-40g; the remaining 14 teeth underwent forces 
not exceeding 120g. He observed minor apical resorption in a small portion of the sample 
which he considered unexpected. One explanation was the possibility of presence of resorbing 
areas before the experiment. He also considered the possibility of not controlling the extrusive 
movement and that a certain degree of tipping may be responsible of the resorption craters. 
He concluded that root resorption during extrusive movements should be considered an 
exception rather than a rule. 
 Weekes and Wong229 investigated the tissue response of the periodontal ligament to the 
orthodontic extrusion of an endodontically treated tooth. They applied 30-120g of extrusive 
force to the upper right lateral incisor of five male beagle dogs, and two animals served as 
controls. The experimental period lasted four-six weeks followed by a retention period for 
twelve weeks in four of the animals. The fifth animal underwent simulated periodontal 
surgery. The appliances were removed and the animals experienced a waiting period of 18-20 
weeks prior to sacrifice. Control animals were sacrificed 40 weeks after completion of the root 
canal therapy.  They did not find any relation between the amount of extrusion and the 
magnitude of the force applied. Root resorption and repair was evident in the cervical 
interproximal region of the experimented subjects.  
Recently, Han et al.48 performed an intra-individual research on the amount of root 
resorption after the application of 100cN of intrusive and extrusive forcers for eight weeks. 
Scanning electron microscopy was utilised for evaluation of root resorption. Quantitative 
assessment of the percentage of resorbed area was performed on composite micrographs; and 
the severity was assessed by visual scoring of the roots. According to them, extruded teeth 
mostly did not show root resorption or minor and limited resorption was observed; and it was 
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not significantly different from the control.  Visual scoring of nine premolars resulted in two 
teeth not showing resorption, four were described as having an irregular root contour and 
three showed only minor resorption. Root loss showed to be superficial and was mostly 
located in the apical third of the root; limited cavities were observed close to the apical 
foramen. In general, results varied widely within the same test group and intrusive forces 
would produce four times more resorption than extrusive forces. 
Under Finite Element Analysis, extrusive tooth movement has been described to produce 
similar behaviour to that of intrusive movements since it concentrates most of the stress at the 
apex of the tooth.214 On the other hand, Shaw and co-workers119 claimed that concentration of 
stress and its distribution in extrusive tooth movement differs from that of intrusion. 
2.3.10.3.8.3  Tipping and OIIRR 
Tipping of teeth is considered the simplest form of tooth movement and it is produced 
when a single force is applied against a crown. Theoretically, the PDL is compressed near the 
root apex on the same side where the force is applied and at the crest of the alveolar bone in 
the direction of the force. Only half of the PDL is loaded and thus the force concentration in 
those areas is relatively high. 
Bodily translation and tipping orthodontic tooth movement in dogs was investigated by 
Follin and co-workers230 using histological analysis. The applied forces on both groups were 40-
70g, which was reactivated every 3 weeks until achieving a 100 days of bodily movement and 
180 days of tipping. Their data showed that both groups of teeth had root resorption on the 
pressure side on the mesial and distal roots. Less resorption was observed with tipping, in 
which most of the resorption occurred on the marginal segment of the root. 
 Chan and Darendeliler50 studied buccal crown tipping of first premolars by SEM stereo 
imaging. They described significant more resorption craters on the buccal-cervical and lingual-
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apical regions; which at the same time showed similar degree of resorption.42 These results are 
consistent with the outcomes of micro-CT studies, which also stated it to be at least twice the 
amount of any other region.31,38 
 In relation to the extent of root resorption after buccal crown tipping, the buccal 
cervical region had 8.16-fold more root resorption in the heavy–force group (225g) when 
compared with the light-force group (25g); while other regions did not show a significant 
difference.42 
King and co-workers51 used microtomography to study tipping of the root in the mesio-
distal dimension in relation to OIIRR. Heavy and light forces were applied to human premolars 
in order to achieve pure 15° or 2.5° of distal root tip respectively. After four weeks of force 
application, a statistically significant difference was found in the amount of root resorption in 
the 2.5° group when compared with 15° degree tip bends. Most of the resorption was 
observed in areas expected to be under pressure compared to those expected to be under 
tension; being significant in the apical and cervical thirds only. 
Finite element model has shown that when tipping forces are applied to a tooth, the PDL 
at the alveolar crest and the root apex experiences the greatest stress and strain.104,119,214,231,232 
These sites have the greatest deformation and bone remodelling rates. The principal stress 
distributions in cancellous and cortical bone point to the regions of bone formation (tension) 
and bone resorption (compression). The different stress outcomes anticipate the direction of 
tooth movement.104,117 Such stress concentrations have been associated with the location of 
root resorption craters.50  
Puente and co-workers231 applied 100g of lingual crown tipping force on a FEM of a right 
inferior canine. They found the greatest stress on the root surface would develop in the middle 
portion of the root; being tensile on the buccal and compressive on the lingual side. In the PDL, 
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the compressive stress was observed in the apical region of the buccal side with no stress in 
the middle third, and tensile stress in the cervical area.  On the lingual side the opposite 
situation was reported; tensile in the apical third, no stress in the middle and compressive on 
the cervical segment. The bone manifested its greatest tensile stress on the buccal side and 
compressive on the lingual. 
Tanne et al.98 reported 10 years earlier similar results but disagreed on the stress 
distribution for bone; where they report the buccal surface of the bone to be compressive and 
the lingual tensile. 
Recently, Viecilli et al.233 studied canine tipping distally into a premolar extraction space 
using FEM. The principal stress distribution is summarised on Table 1. In the PDL the peak 
stresses are about 3 times greater than those with translation; and the distal force that is on 
the tooth is capable of bending it so that the tooth cups toward the distal side. At the apex, the 
PDL showed small stress magnitudes and the stress direction tended to have a pure shear 
component. In the alveolar bone the peak stresses occur near the crestal bone; the pattern is 
similar to that of translation but it is four times higher.  
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Table 1 Principal stresses associated with crown tipping distally.
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2.3.10.3.8.4  Torque and OIIRR. 
Torque may be defined in the orthodontic sense as rotation in the bucco-lingual direction; 
as the wire must be twisted before being engaged into the bracket slot to generate a 
biomechanical moment. Torque moment is probably one of the most important and potent 
forces of the edgewise mechanics and it may be related to OIIRR.17,234 Torque has been 
described as not being the only causative variable for root resorption but an aggravating 
factor. This concept was brought up by Van Loenen and co-workers,152 who observed that 42% 
of their sample that did not have initial root resorption was affected after the torquing stage of 
treatment.  
 A large number of studies have investigated the relationship between orthodontic 
torque and root resorption.16,17,39,52 Most of these studies have used the maxillary central 
incisors, as these teeth are most often torqued during treatment. 
 Sameshima and Sinclair44 have supported the idea that the amount of horizontal 
displacement of the root apex is highly related to the incidence of root resorption; meaning 
that some component of the root apex has a lower threshold for irreversible change than 
other parts of the root. Parker and Harris17 have also supported these ideas.  
The root’s areas and their alveolar crest zones are the regions suffering the greatest stress 
when this kind of movement is performed.231 Acar et al.16 applied buccal crown torque on 
upper first premolars and investigated its association with root resorption. They noted that the 
resorption could be seen on the buccal root surface of all their experimental teeth. Small 
cavities were described in the apical third, which increased in size and became more irregular 
in the middle and cervical regions.  
According to Casa et. al,52 numerous resorption areas appeared on the root surface when 
continuous lingual root torque moment was applied to human teeth. Tooth movement was 
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carried out with continuous moments of 300cNmm, and 600cNmm and teeth were extracted 
at 1, 2, 3 and 4 weeks. Teeth were analysed with scanning electron microscope and many 
resorption lacunae were reported on the root surface. These resorption areas were detected 
in the zones of maximum stress (pressure zones); which corresponded to the bucco-cervical 
and the linguo-apical surfaces. Resorption areas were more severe in the apical region (lingual 
surface) compared to the cervical area (buccal surface). Teeth that were treated for longer and 
with a higher force showed more severe root resorption. Higher magnitude of moments 
produced exposure of root dentine, evidencing pronounced loss of root structure. 
Micro-CT technology was used to evaluate and quantify the extent of root resorption 
following the application of 2.5 and 15 degrees buccal root torque for 4 weeks.53 A volumetric 
analysis of the extent of root resorption was performed and more resorption was detected at 
the apical than the middle and cervical regions. A significant difference between the two force 
levels existed only at the apical area (P=0.034). They also reported more root resorption in 
areas of compression than areas of tension.  
The study by Casa and co-workers52 was followed by a finite element study performed by 
Hohmann et al.39 This group used the extracted premolars studied by Casa52 and scanned them 
using micro-computed tomography. The data obtained was utilised to develop a finite element 
model. Their results coincided with previous investigation supporting the idea of high-pressure 
areas at the buccal area of the PDL near the alveolar crest when lingual root torque is 
attempted. Shaw et al.119 also support this concept. 
Puente and co-workers231 applied 100g/mm buccally directed crown couple on a FEM of a 
right inferior canine. They demonstrated that the highest stresses are observed firstly on the 
root, secondly in the periodontal ligament and thirdly in the alveolar bone. The greatest 
stresses on the tooth and bone were noticeable on the cervical region; tensile stress expressed 
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on the buccal surfaces, whereas compressive on the lingual. On the other hand, PDL stress was 
greatest in the apical region of both sides.  In this example, the centre of rotations moves 
coronally when compared to horizontal tipping forces. The roots’ apical areas and alveolar 
crestal zones are the regions suffering the greatest stress when this kind of tooth movement is 
performed.  
2.3.10.3.8.5  Rotation and OIIRR 
Tooth rotation around its proper axis is the result of applying two forces of equal 
magnitude, with parallel but non-linear lines of action in opposite directions.235 The 
publications assessing rotational orthodontic tooth movement and root resorption are very 
limited.  
Scanning electron microscopy was utilised by Jimenez-Pellegrin and Arana-Chavez54 to 
investigate the presence, location and severity of root resorption after orthodontic rotation for 
different lengths of time. They applied orthodontic rotational forces to premolars for 2-6 
weeks and observed resorption areas at the lateral surfaces of the roots. These resorptive 
zones were closely associated with root morphology. They were mainly located at the middle 
third of the root, corresponding to the prominent zones of the roots. The root resorption 
seemed to be caused by over-compression of the periodontal ligament. Deeper resorptive 
lacunae were observed on those teeth that had undergone rotational forces for longer. The 
resorption craters appear to be localised at two zones described as boundaries between buccal 
and distal surfaces and between the lingual and mesial surfaces. 
Finite Element Method describes various zones for maximum stress expression. 
McGuinness and co-workers232 applied two equal and opposing forces on opposite sides of the 
crown on FEM of a maxillary human canine. According to their results, the maximum stress 
concentration occurs at the cervical margin. Rudolph et al.214 reported that most of the stress 
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concentrates at the apex of the root when rotational forces are applied. While Shaw and his 
group119 described rotational forces to produce the least stresses at all points on the root 
surface when compared to other types of tooth movements; although the smooth contours of 
the root modelled are not found in nature.  
A recent un-published investigation was performed by Wu and co-workers55 at the 
University of Sydney; where maxillary first premolars were subjected to rotational forces. The 
volume of root craters were analysed under micro-CT technology. They reported root 
resorption to be greater with heavy forces, with a significant difference between light and 
heavy groups (P=0.013). The mean volume of resorption craters in the heavy group was 
0.51mm3 and in the light force group 0.42mm3.  The craters consistently appeared at the 
boundaries between the buccal and distal surfaces, and between the lingual and mesial 
surfaces. 
2.3.10.3.8.6  Bodily Tooth Movement and OIIRR 
Bodily movement has been associated with less root resorption compared with tipping, 
due to the difference in stress distribution.166  
According to McGuinness et al.236 no fixed appliance system available is capable of 
complete control of tipping movements while attaining tooth translation. Theoretically, while 
aiming for bodily movement of a tooth, most of the hypoxia and subsequent hyalinization will 
be mainly prominent in the middle part of the root. Therefore root resorption appears almost 
exclusively in the middle section of the roots according to animal studies.37  
On the other hand, FEM has described stress along the length of the root surface during 
this type of tooth movement. Viecilli et al.233 evaluated the stresses and deformations 
produced during distal translation of a maxillary right canine into a first premolar extraction 
site using FEM. The tooth structure showed maximum principal tensional stress on the distal 
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side, which increased linearly from the apex to the cementoenamel junction, implying tooth 
bending which cups toward the mesial side. On the opposite side, the stress was 
predominantly of the compressive type. The intermediate principal stress was small on both 
sides, being tensile on the mesial and compressive on the distal. The principal stresses 
described for the PDL were all compressive on the distal side with peaks near the apex; and on 
the mesial side the result was almost a mirror image with all tensile principal stresses. At the 
apex, the PDL showed small stress magnitudes and the stress direction tended to have a pure 
shear component. In the bone, the highest tensile stress was in the premolar socket wall, 
adjacent to the canine and the peak compressive bone stress was in the socket of the incisor. 
Considering the canine socket only, two peak tension areas were located near the alveolar 
crest, being one just buccal and the other just palatal to the thin interproximal distal bone. The 
highest compression on the distal side was flanked by the two tensile areas just mentioned 
above. The same situation was described for the tensile area on the mesial side, which is 
flanked by compressive areas on the buccal and palatal sides. In conclusion, the predominant 
stress changed from tension to compression to tension on the distal side and from 
compression to tension to compression on the mesial side, when viewed from occlusal.   
2.3.11 Evaluation Methods of OIIRR utilised for 
research 
Several methods have been implemented in the study of OIIRR. The techniques produce 
either two-dimensional (2D) or three-dimensional (3D) images. Intraoral radiographs, 
conventional light microscopy and scanning electron microscopy (SEM) are amongst the 2D 
methods described. Three-dimensional approaches include stereo-imaging-scanning electron 
microscopy and computed tomography. 
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2.3.11.1 Radiographic Evaluation of OIIRR 
Previous studies19,156 have examined root resorption craters by measuring root shortening 
on radiographs, but their quantitative value remains questionable. While this is clinically 
relevant in detecting root shortening before, during or after treatment, radiographs will only 
detect root shortening while surface resorption could only be detected if they involve the 
mesial or distal surface of the tooth root or if they are severe enough. 
Certain types of radiographs will have specific advantages and disadvantages. The 
orthopantomogram (OPG) is widely considered a valuable tool for root resorption assessment 
since it provides an overall view of the entire dentition and yet the patient receives a lower 
dose or radiation than from a full-mouth series of radiographs.237 The focal trough in this type 
of x-rays is narrow in the incisor region; therefore roots may be magnified or shortened in 
cases with excessively proclined or retroclined teeth as it may not be possible to position the 
upper and lower labial segments within the focal trough.67 OPG’s may also show 
superimposition of anatomical structures over the teeth as either real or actual shadows, 
affecting the quality of the final image.238 Orthopantomograms have been found to 
overestimate the amount of root resorption by 20% or more when compared with periapical 
radiographs according to Sameshima and Asgarifar.156  
Periapical radiographs are also technique sensitive and many factors will influence the 
quality, accuracy and reproducibility of the image. Such factors will include film packet and x-
ray tube position.67 In spite of this, periapical radiography remains the recommended tool for 
detecting root shortening during orthodontic treatment since it produces less image 
magnification and distortion when compared with orthopantomograms.56,58 However, 
orthodontically induced root resorption after the first weeks of treatment is not visible in 
periapical radiographs.66 Therefore conventional radiographs are not an adequate tool for 
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accurately diagnosing the early stages of resorption.239 Digital subtraction imaging was 
introduced to obtain greater accuracy.154,240 This method showed to be more sensitive than 
conventional radiography.241,242 The use of a mathematical computer-based reconstruction of 
pre-treatment and post-treatment periapical images was shown to be a reliable method for 
the measurement of apical root resorption.222 In spite of the great potential of digital 
reconstruction for more accurate analysis, the method is time consuming and not clinically 
applicable.  The comparison of the radiographic and micro-CT scanner method has shown the 
limited accuracy of periapical radiographs to detect apical root resorption; since less than half 
of the cases with root resorption identified using a CT scanner were identified by 
radiography.243 
The lateral cephalogram provides a reproducible view; however there is overlapping of the 
right and left sides and it is subjected to a 5-12% enlargement factor.67  
2.3.11.2 Light Microscopy and Serial Sectioning 
Light microscopy provides a useful tool for analysing craters; but the two-dimensional 
images do not allow an accurate quantitative analysis of root resorption. Histological studies 
have demonstrated that root resorption is a common side effect of orthodontic tooth 
movement.4 It involves progressive slices of roots, thus less detail is missed, and the 
measurements are more accurate than light microscopy alone. Studies using histology sections 
of samples have proven to be laborious and very technique sensitive. 
This method has been employed by Owman-Moll and co-workers during late 1990’s.65,66,68-
74 The technique involved the use of a light microscope and quantifying the craters by utilising 
arbitrary units measured from the eyepiece. The samples were serially sectioned longitudinally 
with a microtome. Half of the tooth was sectioned in a bucco-lingual direction and the other 
half was further sectioned into another three parts mesio-distally. This technique may have 
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some flaws as some craters may be missed and the difficulty of the technique may introduce 
some bias. Root resorption craters vary in size and shape, and thus some irregularly shaped 
craters or small craters could be partially or totally overlooked. Additionally, the shape of teeth 
is hardly uniform, thus making it difficult to section a tooth along the long axis. Errors on this 
matter would result in apical or some mid-root craters being missed.  
2.3.11.3 Scanning Electron Microscope - Surface Area and 2D 
Measurements 
Scanning Electron Microscope provides enhanced visual and perspective assessment of 
root resorption craters on the root surface with minimal tissue preparation. In general, teeth 
are dehydrated and metal–coated previous to the scanning electron microscopy. The 
resolution provided is not attainable with histological models reconstructed from serial 
sections.1 Kvam244 used SEM to study changes in the cementum of human teeth following 
orthodontic tooth movement. This research analysed the effects of varying the duration of a 
continuous buccally directed force of 50 grams from 5-76 days.  Harry and Sims 36 utilised the 
same technique to study the topography of human root resorption under continuous intrusive 
orthodontic loading of varying magnitude and duration. They concluded that loss of root 
length can occur within 35 days with forces as light as 50g and that the amount of resorption  
increased markedly with the duration of the force and to a lesser extent with the magnitude of 
the activation. 
Scanning electron microscopy was also used  by Faltin and co-workers79 to study root 
resorption craters and their location after the application of continuous forces of different 
magnitudes. They concluded that the appearance of root resorption after intrusion of human 
teeth with continuous forces depends on the magnitude of the force applied. Rotational tooth 
movement was evaluated by Jimenez-Pellegrin and Arana-Chavez245 utilising SEM as an 
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examination tool. These experiment revealed several lacunae after rotation and concluded 
that longer duration of force application aggravated the results and prominent surfaces were 
the most affected areas. 
Some studies have quantified the extent of root resorption by area measurements of the 
craters on micrographs.16,36,64 In these investigations, the resorbed root area was calculated as 
a percentage of the total root area seen on each composite evaluated. Based on their 
methodology, these studies have been inconclusive because of flaws detected in one way or 
another.246 The surface of the premolar teeth is curved and an absolute straight-on view is very 
difficult to obtain inducing measurement errors. 
2.3.11.4 Scanning Electron Microscope – Stereo Imaging and 3D 
Measurements 
Root resorption is a three dimensional phenomenon; and the fact that it occurs on a 
curved surface has made very difficult to calculate the amount of resorption.  SEM stereo 
imaging was designed to quantify root resorption by volume. Twenty maxillary premolars were 
studied by Chan and co-workers.247 Half of the sample received orthodontic forces for 28 days 
and the second half served as controls (Contralateral teeth). Teeth were then prepared for 
SEM stereo imaging. A pair of SEM images of root resorption craters was captured and aligned 
allowing the generation of greyscale depth maps of the craters. Volumetric measurements of 
the resorption craters were generated by commercial computer software (AnalySIS Pro 3.1). 
The results were then calibrated by using standardised pyramidal indentations by the Vickers 
microhardness tester. The software estimated the errors of volumes of pyramidal indentations 
of the harder and softer materials to be within 11-19%, respectively. This technique has shown 
to have high degrees of reproducibility and accuracy.75  
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2.3.11.5 Micro-Computed Tomography and 3D Measurements 
Micro-computed tomography is the miniaturised variant of a medical computed 
tomography scan system. It is a microfocus x-ray that can be used to visualise morphological 
characteristics in a detailed and accurate manner, without destruction of the tooth.248 
A series of x-ray projections are made through the slice at various angles around an axis 
perpendicular to the slice. Digital computing allows these 2D absorption maps to be combined 
into a 3D map.249 
A large amount of information can be obtained from such scans as the slices can be 
recreated in any plane, and the data can be represented as 3D images. Micro-CT provides 
reproducible data in all three dimensions and can be used for measuring and evaluating the 
internal and external structure of the tooth.  
Within the dental field Micro-CT data could be used to study anatomy of dental pulp and 
secondary or lateral canals. Knowledge of enamel and dentine thickness can also be used to 
avoid pulp damage during restorative treatments or in analysing failures of various treatments 
in a more precise manner than 2D technology. This method could also be employed to identify 
the degree and shape of primary and secondary dental caries by calculating the mineral 
density in the enamel and dentine.250 
Conventional CT scan has its limitations for the use on patients. They require a high 
radiation dosage, which needs to be reduced. Another important limitation is distortion. This 
phenomenon is the result of movement that is sometimes involuntary due to prolonged 
duration of the scanning process. These limitations are not applicable when the technique is 
used to scan inanimate objects. For inanimate objects, higher radiation dosage and longer scan 
times can be used to improve image quality.  
Analysis of root resorption after light and heavy extrusive orthodontic forces. Micro-CT 
study and Finite Element Analysis 
 
By Vanessa Jiménez Page 84 
Standard medical CT scanners are able to achieve a resolution in the range of w-2.5mm. 
Micro-CT scanners allow for the production of 3D images of small objects and the resolution is 
measured in micrometers. It is unlikely that higher resolutions can be used in medical imaging 
as the x-ray dosages will be too high for patients.  Another difference between the 
conventional CT scan and the Micro-CT scan is that in the first one, the x-ray beam and the 
sensor rotate around the subject whilst in the micro version the specimen is placed on a 
rotational platform with the x-ray source and sensor in a fixed position. Current technologies 
limit the use of x-ray micro-tomography mainly to small in vitro specimens as this allows lower 
x-ray energies to be sued and the measured attenuation coefficients are higher.249  
Voxel is the unit used in three-dimensional imaging instead of a pixel, which refers to two 
dimensions. In other words, the voxel is the three-dimensional modification of a pixel with the 
added dimension of depth, representing volume. 
2.3.11.5.1 The SkyScan 1072 Desktop X-ray Micro-Tomograph 
The SkyScan 1072 x-ray micro-tomograph (skyScan, Asartselaar, Belgium) consists of an x-
ray shadow microscopic system and a computer with tomographic reconstruction software. It 
utilises a cone beam X-ray source and the maximum resolution attainable with the Micro-CT is 
approximately 2 µm; however this depends on the size of the sample being scanned. At lower 
resolutions (24 µm) sample sizes may be as big as 5 cm3, while at higher resolutions the 
maximum sample size may be 4-5 mm3. The energy of the X-ray beam is also variable (up to 
100 KeV 98 µA) to adjust for specimens of various densities. 
  The slices are two-dimensional x-ray shadow projections of the sample; which are 
reconstructed into a three-dimensional representation of the sample. The specimen is set onto 
a rotation platform, which is able to rotate the sample in small increments over 180°C or 360°C 
and an x-ray projection image is captured at each step. 
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A higher degree of rotation is needed with structures with higher radio-opaque 
components. Magnification is determined by the distance between the sample placed on the 
platform and the x-ray source. Special filters may be used as required to produce cleaner 
images. 
The x-ray detector consists of a high resolution charged coupled device. The images 
received from these detectors are stored as 16 bit Tagged Image File Format (TIFF) picture files 
with a resolution of 1024x1024 pixels. Once image acquisition is completed a software 
program uses the Feldkamp cone-beam algorithm (Cone beam reconstruction 2.13, SkyScan-
1072) to produce axial slice-by-slice reconstruction. After scanning, a cone-beam 
reconstruction program is used to turn the projection images into a stack of 1000 cross-
sections. These cross-sections can be used with a variety of image analysis and 3D volume 
rendering software packages for 2D or 3D morphometrical analysis; or to produce 3D images 
and animations. 
 Micro-CT relies on a density difference between the structure of interest and the 
surrounding material. Porous materials (minerals, ceramics, polymers) are particularly suited 
to this method. Other applications include bone, teeth, lung tissue, archaeological and 
paleontological specimens, coral and wood. 
2.3.11.5.2 Image acquisition 
The accuracy and reliability of the information depends on the quality of the acquired 
data. “Resolution” is one way of measuring image quality and refers to the smallest interval 
measurable by a scientific instrument. In tomography, it is typically given by the linear size of 
one side of the pixel. “Definition” is a broader term and refers to the distinctness of the 
reproduced image and its fidelity to the real object. High resolution is necessary but not 
sufficient, for good definition; a blurred or noisy high resolution image lacks definition.  
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Basic settings of micro-computed tomography acquisition are amperage, voltage and 
exposure. Amperage refers to the intensity of the delivered x-ray beam. Voltage regulates the 
spectrum curve that is emitted by the polychromatic source. The higher the voltage, the 
greater are the proportions of x-rays with high energy on the spectrum. Exposure is the 
duration of the radiation. A high exposure helps to assure that the entire specimen is exposed 
to the full spectrum range. After the parameters are set, the acquisition of good images 
depends on the minimization of artefacts and the use of small rotational steps.  
The most common artefacts are due to noise, beam hardening and alignment. Noise is 
related to imperfections in camera detection, heterogeneous x-ray emission, cosmic event and 
the presence of air/dust. There are two functional types of noise. The Static noise is due to 
camera imperfections or dust on its surface; this type of noise can be effectively eliminated by 
using a flat field. On the other hand, dynamic or random noise results from cosmic events, 
heterogeneity in x-ray distribution or floating dust; and is generally decreased by frame 
averaging random movement and ring artefact correction. 
Misalignment of the radiographs may also occur due to different reasons and appears in 
the reconstruction as wing artefacts (wing shaped extensions of the object on its surface). This 
type of artefact can imply a significant problem during subsequent image processing. The 
software usually corrects this issue after calculating the average misalignments at different 
reference points. 
The reconstruction software NRecon® provides the cross-sections based on the 
radiographs. In the reconstruction step, post-alignment correction reduces magnification and 
lateral misalignment artefacts. It gives the user an opportunity to customise the reconstruction 
output with pixel shifting. If the machine is aligned, the shift value should be close to zero. The 
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alignment tool allowed the machine to be aligned specifically at the magnification position 
determined for the object, so optimal pixel values are typically between -1 and +1 pixel.  
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2.4 Finite Element Analysis 
2.4.1  Definition of Finite Element Analysis 
Finite element analysis (FEA) was originally developed by Turner et al. 1956. This technique 
has been widespread not only in aerospace engineering field, but also in other areas. This 
method was introduced into dental biomechanical research in 1973.251 It is a highly precise 
technique used to analyse structural stress. The basic concept is the idealisation of the actual 
continuum as an assemblage of a finite number of discrete structural elements, incorporated 
at a finite number of points or nodal points. The finite elements are formed by figuratively 
cutting the original continuum into of appropriately shaped sections and retaining in the 
elements the properties of the original material. The “elements” of a finite element model are 
the building blocks of the physical model. There are a “finite” number of them. The object to 
be modelled is broken up into a “meshwork” that consists of a number of nodes. These nodes 
or points are then connected to form a system of elements. Knowing the mechanical 
properties of the object, such as modulus of elasticity (Young’s modulus) and Poisson’s ratio, 
allows determining how much distortion each part of the object undergoes when any other 
part is moved by a force.  
This method uses the computer to solve large numbers of equations to calculate stress on 
the basis of the physical properties of structures being analysed.252  The choice of these 
parameters determines the outcome of the finite element analysis.  
Finite Element has the ability to include heterogeneity of tooth material and irregularity of 
the tooth contour in the model design; and the relative ease with which loads can be applied 
at different directions and magnitude for a more complete analysis.  
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Its credibility is in question due to the complexity and distance the model seems to 
represent from truth and reality in the oral cavity.81,82 
2.4.2  Utility of Finite Element Analysis 
Finite element analysis has the advantage of being applicable to solids of irregular 
geometry that contain heterogeneous material properties. It is therefore suited to evaluate 
the structural behaviour of teeth. It has been used in dentistry to investigate a wide range of 
topics, such as the structure of teeth,252,253 biomaterials and restorations,254 dental implants,255 
and root canals.256 In orthodontics, FEA has been used to show areas of maximum stress on 
material such as bracket-adhesive interface.257 This method has also been applied to analyse 
the stress and strain fields within the tooth, PDL and bone undergoing orthodontic tooth 
movement.49,81,82,98,100,101,214,236,258,259 
Finite element analysis has successfully modelled the application of forces to single-tooth 
system. Alveolar bone loss was shown to lower the centre of resistance of the tooth and 
altered the stress patterns on the root.98 Similar changes have been observed when the root 
length is altered.260 The stress in the PDL has also been quantified by several studies.236 261 It 
has also been shown by FEM that the biomechanical properties of the periodontal ligament 
are different between adults and adolescents.262 
2.4.3  Limitations of Finite Element Analysis 
As with any theoretical model of a biological system, there are some limitations. The 
outcome of finite element analysis is dependent on the formulation of the problem. Thus, 
finite element analysis of the force transferred from the tooth through the PDL to the alveolar 
bone must account for the physical properties and morphology of the periodontium.  During 
tooth movement, nonlinear elastic, plastic and viscoelastic phenomena occur; and difficulties 
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arise as linearity assumptions about force distribution in both the hard and soft tissues are 
problematic. The complexity of shape and tissue composition of the dental region does set 
limitations on the validity of the result of some previous analysis.  
Several studies have been performed on mechanical properties of the PDL, including its 
linear or nonlinear,263 isotropic or anisotropic,101 and viscoelastic behaviours;264 as well as the 
absence or presence of fibres.100 Even though the PDL is known to be a nonlinear viscoelastic 
material, most previous FE models incorporated homogeneous, linear elastic, isotropic, and 
continuous PDL properties. At the same time, the morphology of the alveolar structures has 
not been assigned any specific value in relation to the load transfer mechanism. 
In other words, it is easy to see why the biologic mechanism of tooth movement and root 
resorption are largely unexplained. This is because of the various ways in which mechanical 
environments are characterised, coupled with anatomic variability, uncertain mechanical 
properties and loading, and ambiguities regarding the involved tissues and stress directions.  
2.4.4  Generation of the Finite Element Model 
There are three primary considerations in the development of the three-dimensional finite 
element tooth model; such as geometry of the tooth and periodontal structures, material 
properties and loading configuration.  
For the geometry of the tooth and periodontal structures, nodes are defined as points at 
which the corners of these elements meet and then boundary conditions are defined at all 
peripheral nodes. Then each element is assigned a specific material property. The modelling of 
the root as a symmetric paraboloid structure or as a real tooth, as well as root conicity, bucco-
palatal vs. mesio-distal bone levels and bone insertion levels will have a deep impact in the 
location of the centre of resistance and centre of rotation of the modelled tooth.  
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The inherent problem with three-dimensional models is that the geometrical input needs 
to be generated. For bone structures, computed tomography scanning would be the method 
of choice to provide this three-dimensional data. Direct conversion of CT image voxels to eight-
node hexahedral elements has been suggested; but the disadvantage is that it would generate 
an immense number of elements in the model and abrupt transitions in the model’s external 
shape. To avoid rough outer surfaces the external geometrical contours can be modelled first; 
then the mesh is generated by an automatic routine of the finite element program. Once the 
mesh is generated, material properties are assigned to each element of the model.265 
The strain produce by orthodontic tooth movement depends on the material properties of 
the PDL and the applied force. Variation can be expected if the PDL is modelled as anisotropic 
or nonlinear, with or without PDL fibres. The actual PDL residing at the tooth-bone interface is 
a fibrous structure. In fact, the orientation of the principal fibres in the PDL plays a dominant 
role in distributing alveolar stresses. The oblique orientation of these fibres, while functioning 
to anchor the tooth to the socket, also serves as a suspensory ligament so that the vertical 
forces are transmitted to the alveolar wall as lateral tension.  
The material properties of the PDL have been analysed by measuring tooth 
displacement in relation to an applied load in both animal and human experiments but the 
results have been highly variable. The data has been used in finite element models in an 
attempt to calculate the strain distribution within the PDL under specific loading 
conditions.263,264 Increasing evidence exists for a non-linear266 and time-dependent relationship 
between force and displacement, indicating that the PDL is viscoelastic but a two phase fibre-
reinforce viscoelastic model seems to be more realistic.264 Presumably, the principal fibres 
resist tensile forces, whereas the other components resist compressive stresses.100 With the 
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PDL modelled as a continuous structure, this tensile effect may not be manifested; and the 
stress value would deviate significantly from the realistic situation with a fibrous PDL. 
According to Qian and co-workers100 principal-fibre angulations and stiffness influence the 
tooth displacement and the mechanical environment within the structures. Unfortunately, 
little is known about the specific attributes of the individual fibres; such as fibre angulations, 
angulations distributions and changes, and the mechanical properties of the fibres. They stated 
that the principal fibres of the PDL should be included for quantitative studies of tooth 
movement; as the calculations suggested that the results for the various combinations of fibre 
orientation and stiffness are more similar to each other than to the results from the model 
without any fibres. Therefore, it may be more sensible to include what may be unrealistic 
principal fibres into the FEM than not to include them at all. 
MATERIAL PARAMETERS USED IN THE LITERATURE FOR FEM 
Study Material 
Young’s 
Modulus (N/mm2) 
Poisson’s 
Ratio 
Rudolph et al.
214
 
Enamel 8,41 x 10
4
 0.33 
Dentine 1,83 x 10
4
 0.30 
PDL 6,90 x 10
-1
 0.45 
Bone 1,37 x 10
4
 0.30 
Qian et al.
100
 
Tooth 1,8 x 10
4 
0.30 
Cortical bone of mandible 1,3 x 10
4
 0.30 
Cancellous bone of mandible 1 x 10
3
 0.30 
PDL non-fibrous matrix 2 0.45 
PDL fibre 10/30/90 0.35 
Shaw et al.
119
 
Enamel 84,1 x 10
3
 0.33 
Dentin 18,3 x 10
3
 0.31 
Pulp 2,03 0.45 
Cementum 1,5 x 10
4
 0.31 
PDL 0.5 0.00 
Alveolar bone 3,4 x 10
5
 0.26 
Hohmann et al.
39
 
Dentine 1,86 x 10
3
 0.30 
PDL 0.1 0.45 
Alveolar bone 1 x 10
3
 0.30 
Enamel 1,9 x 10
4
 0.30 
Cattaneo et al. 
267
 
Tooth 2 x 10
4
 0.30 
Cortical bone 1.7 x 10
4
 0.30 
Partly cortical bone 5 x 10
3
 0.30 
Bone marrow 2 x 10
2
 0.30 
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PDL compression until 93% strain level 5 x 10
-3
 0.30 
PDL compression simulating pre-
contact between root and alveolar 
bone 
8.5 0.30 
PDL tension increased progressively 
from 0 level to 50% strain 
4.4 x 10
-2
 – 4.4 x 10
-1 
0.30 
PDL tension decreases from 50% strain 
onwards 
3.2 x 10
-2 
0.30 
Field et al.
104
 
Enamel 84.1 x 10
3
 0.33 
Dentin 14.7 x 10
3
 0.31 
PDL 1.18 0.45 
Alveolar bone 4.9 x 10
2
 0.30 
Cortical bone 14.7 x 10
3
 0.30 
Orthodontic wire 2.1 x 10
5
 0.30 
Orthodontic bracket 2.1 x 10
5
 0.30 
Bonding cement 21.4 x 10
2
 0.31 
Table 2. Material properties reported in the literature for FEM 
The traditional compression and tension zones are observed when the PDL is modelled as 
a linear material. Tension is by far more predominant than compression with non-linear 
properties of the PDL; and the alveolar bone situated in the traditional compressive areas is 
loaded significantly less than the bone in the tension side.263 
The maximum strains in the PDL occur at the alveolar crest and the root apex; these sites 
have the greatest deformation and bone remodelling rates. Moderate peak strains about the 
centre of resistance of the teeth are desired to prevent orthodontically induced root 
resorption 
Even loads initially applied in one dimension can lead to stresses in three dimensions 
according to the supporting constraints. If a cube is uniformly compressed in one direction, it is 
free to expand in the other two directions; this is called Poisson’s effect. There would still be 
stress only in the direction of the applied force, but there will be strain in all directions. If the 
cube’s expansion is constrained in two of the directions, there will be compressive stresses in 
all directions because the constraints will also load the body in response to Poisson’s effect.233 
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It is complex to decipher the effects of 6 simultaneously acting three-dimensional stress 
tensor components (3 shear, 3 normal stresses). Therefore, the general stress tensor is 
transformed into a simple equivalent state of stress in which the shear stresses disappear and 
the three associated normal stresses assume their peak magnitudes. The obtained maximum, 
intermediate and minimum principal stresses are all perpendicular to each other. The principal 
stresses are defined by convention solely on the basis of their algebraic magnitudes, not their 
directions. The magnitudes and directions of the principal stresses are invariant; therefore, 
they are utilised to present stress field results.233 
The state of stress at a point can also be characterised according to its effect. Hydrostatic 
stress, changes the element’s volume without altering its shape. It is analogous to fluid 
pressure on a solid body, and its magnitude is the average of the 3 principal stresses. The 
hydrostatic stress tensor has equal stresses in all directions but no shear; thus, it can be 
represented by a simpler number. The other component, deviatoric stress, distorts the 
element’s proportions without altering its overall volume. The deviatoric stress tensor is 
obtained by subtracting the hydrostatic stress from the 3 principal stresses, and it cannot be 
represented by a simple number.  The von Mises stress criterion is often cited in biologic 
studies. It illustrates the distortion energy present within the anatomical structure, and is a 
measure of the combined effect of tension, compression and shear forces. However, it could 
be questionable to apply von Mises stress to the PDL, bone and tooth because it is based on 
energy principles involving the yield of ductile materials such as metal.268 
Adjacent dentition causes greater compressive stresses because the PDL is compacted by 
the rigidity of the neighbouring dentin structure. In fact, multi-rooted systems should be 
considered for biomechanical analysis, since they replicate clinical situations more 
realistically.104 Multi-rooted systems have shown to produce a hydrostatic stress much higher 
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than systolic pressures and therefore there is susceptibility to root resorption. They can be 
used as markers for predicting the potential sites of root resorption.104 Additionally, a multi-
rooted system will be able to prove deformation of proximal sockets as a results of orthodontic 
loads on one of the teeth; this phenomenon is not detectable in single-tooth FEM. 
2.4.5  FEM and Orthodontic Tooth Movement 
The study of teeth displacement following the application of orthodontic loading regimes 
is not trivial as it depends on several and complex parameters; such as material properties of 
periodontal tissues, shape and length of the tooth, width of the PDL, and the marginal bone 
level.113 Since the decay rate of a force and moment generated are not equal, the actual force 
system can vary in experiment situations. As soon as the teeth start moving, the geometry 
characterising the original force system also changes, and a new force system is generated 
leading to a different displacement. This situation makes it nearly impossible to establish fixed 
values describing the tooth’s displacement over time.269 
Over the last decades, numeric methods to calculate the stress and strain fields in the 
periodontium have been extensively used. As mentioned previously numerous times, the 
complexity of shape and tissue composition of the dental region does set limitations on the 
validity of the results of some previous analyses.81,82 Single-tooth and multi-tooth systems have 
been developed. The multi-tooth system shows overall higher structural responses to 
orthodontic forces. In both systems the distribution pattern of stress and strains are similar, 
but the magnitudes are greater on the multi-tooth system.104 
 It has been demonstrated that the highest stresses are observed firstly on the root, 
secondly in the PDL and thirdly in the alveolar bone. These findings are due to the different 
mechanical properties of each structure: tooth, periodontal ligament and alveolar 
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bone.81,98,119,231,270 Large bending stresses acting almost parallel to the root have been found at 
the surface of the root and the alveolar bone. These bending stresses on the alveolar bone can 
be related to elastic or plastic deformation of the alveolar bone, and are considered to trigger 
bone remodelling. 
The low elastic modulus of the PDL results in considerable strains after orthodontic 
loading. The high strains in the PDL indicate the potential sites for bone remodelling process. 
The areas stretched in the PDL are closely related to the bone remodelling process and 
suggested that the stretched fibres of the PDL would most likely lead to the generation of 
sufficient strain energy to induce remodelling.113 
When referencing a region of compression or tension, the structure in which it occurs 
must be specified, since different structures may experience different types of stress. While a 
structure may present compressive stress, another one may receive tensile stress on the same 
region of the root, PDL and bone. It is possible to have coexisting compression and tension in 
different directions. The principal stresses can swap their direction within a structure. 233 
A wide range of tooth movements and clinical situations have been studied under FEM. 
Different vectors of force create different stresses throughout the root of the tooth, which 
have been discussed in previous sections of the literature review. 
When comparing different types of tooth movements against each other, Rudolph et al.214 
reported that tipping, extrusion and intrusion result in the greatest stress at the root apex.  
For extrusion and intrusion, the stress is concentrated mainly at the apex of the root.99,214 
Shaw and co-workers119 reported stresses at the root apex after intrusive tooth movement but 
the distribution was different when compared to other types of tooth movement. When the 
vertical force is applied on the buccal surface of the tooth, some torque may be expected due 
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to the relationship between the point of force application and the centre of resistance of the 
tooth. In such cases, Oyama et al.29 have reported higher stress levels at the labial and lingual 
surface of the root apex. 
After evaluating dental bodily movement in a three dimensional finite element model, the 
stress is distributed throughout the length of tooth and PDL; but it is more concentrated at the 
alveolar crest.214 Viecilli et al.233 modelled distalisation of a canine into a premolar space. They 
implied bending of the tooth since maximum tensional stress was observed on the distal of the 
tooth structure, which increased linearly from the apex to the cemento-enamel junction; while 
compressive stress was detected in the opposite side. The PDL showed compressive stress on 
the distal with peaks near the apex, with tensile stress on the mesial. The bone was described 
with compression on the distal side flanked by two tensile areas buccal and lingual to it, on the 
interproximal distal bone. The opposite scenario was observed on the mesial interproximal 
bone. 
Regarding rotational movements, a great variety of results have been reported. The 
highest stress has been described mainly at the apex of the tooth,214 at the cervical margin232 
and it also has been described as producing the least stresses at all points on the root surface 
when compared to other types of tooth movements.119  
Tipping is the most commonly used type of tooth movement in this kind of investigations. 
When tipping forces are applied, the model shows most of its stress at the alveolar crest.214,236 
For lingual crown tip, the PDL undergoes compressive stress on the bucco-apical and cervico-
lingual regions. Tensile stress was observed on the cervico-buccal and apico-lingual zones, 
whereas no stress was detected in the middle third of the tooth root.231 This results where 
coincident with Viecilli and co-workers233 on distal root tip. Tanne et al.98 reported a stress 
value at the cervical margin of 120 grams/cm2 (0.012 N/mm2) when a lingually directed tipping 
Analysis of root resorption after light and heavy extrusive orthodontic forces. Micro-CT 
study and Finite Element Analysis 
 
By Vanessa Jiménez Page 98 
force of 1N was applied. McGuinness et al.232 examined the stresses induced by a single point 
force. They reported stress values of 0.132 N/mm2 at the cervical margin for a mesio-distally 
directed tipping force of 1N, while the stress value at the apex was 0.002 N/mm2. A following 
study performed by the same group236 described a maximum cervical margin stress for 
“edgewise” force of 0.072 N/mm2, while the maximum apical stress was 0.0038 N/mm2. 
For torquing forces, FEM results are coincident with previous in vivo studies;52 where high-
pressure areas are observed in the buccal area of the PDL at the level of the alveolar crest 
during lingual root torque.119,226 Puente and co-workers231 reported that the tooth and the 
bone suffer greatest stress at the cervical level and the PDL at the apex. 
According to Shaw et al.119 All types of tooth movements produce very similar stresses at 
the apex except for rotational movements, which are considerable lower. After lingual crown 
tipping, all structures (enamel, dentine, cementum, PDL and alveolar bone) reflect the 
common area of maximum stress at the alveolar crest. When the cementum increases in 
thickness, the stresses are found to increase as well.  
 The difference in stress values and distribution reported in the literature probably lies in 
the materials and properties that have been used for each investigation; as well as the 
geometry of their models. Some of them may have included cortical bone while others 
modelled bone as one structure. In addition, the system modelled for force application will 
play an important role. When edgewise appliances are utilised to deliver a tipping force, the 
stress is reduced significantly at the cervical margin of the periodontal ligament when 
compared to free force application. On the other hand, the apical stresses are almost twice 
higher than those obtained with pure tipping forces.236 With sliding mechanics, the tendency 
for the apex of the root to move in the opposite direction of force application is reduced from 
that which would be expected in tipping; leading to higher local stress. It is also relevant to 
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point out that up to 50% or more of the applied force can be dissipated as friction in an 
edgewise bracket system; which significantly affects the stress produced at the PDL of the 
tooth. 271  
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4.1 Abstract 
Introduction 
Extrusive tooth movement has been overlooked in the literature on root resorption. This 
prospective randomised clinical trial aims to quantify the effect of light and heavy controlled 
extrusive forces on root resorption and localise the sites of prevalence on human premolars. 
Methods 
Ten patients between the age of 12 and 18 years old participated in this study. They all 
required bilateral maxillary first premolar extractions as part of their orthodontic treatment (7 
females and 3 males). The total sample consisted of 20 maxillary first premolars. Each patient 
was treated with light (25g) controlled extrusive forces on one side and heavy (225g) on the 
contralateral, both for 28 days. Light or heavy treatment was randomly assigned to right or left 
premolar for each patient. After the experimental period, teeth were extracted preventing 
root damage and analysed under micro-computed tomography. Each specimen was studied in 
three dimensions and specially designed software was utilised to measure the volume of each 
crater. Paired t-test was employed for the statistical analysis. 
Results 
There was a significant difference in the total root resorption caused by light and heavy 
forces (P=0.033). The discrepancy between light and heavy groups was not significant for 
cervical, middle and apical regions separately.  Only the distal surfaces were significantly 
different between light and heavy forces (P=0.016).  
 
Analysis of root resorption after light and heavy extrusive orthodontic forces. Micro-CT 
study and Finite Element Analysis 
 
By Vanessa Jiménez Page 123 
 
Conclusions 
Greater root loss occurs after the application of heavy extrusive forces when compared to 
light forces; particularly on the distal surface. There is no significant difference within vertical 
root thirds when light and heavy forces are evaluated.  
Key words 
Root resorption, orthodontic extrusion, micro-computed tomography (Micro-CT), three-
dimensional analysis, volumetric measurements. 
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4.2 Introduction 
Orthodontically induced root resorption refers to the loss of tooth substance as a 
consequence of tooth movement. It is associated with over-compression of the periodontal 
ligament which results in tissue hyalinisation.1 It has been suggested that root resorption may 
be a side effect of the cellular activity associated with the removal of necrotic tissue from the 
aforementioned hyalinised zone.2,3 
Frequently, patients treated with orthodontic appliances will suffer some degree of root 
resorption. Certain patients would not be affected significantly, whereas others undergo a 
degree of root loss that requires intervention during treatment. 
This event has been reported in the literature since 18564 but its aetiology still remains 
unclear. Several features have been related to root resorption and it is considered a 
multifactorial phenomenon. These factors have different origins; such as biological and 
mechanical.5 Controlling biological factors are out of the clinician’s scope since they are related 
to the individual patient; however, mechanical factors can be controlled to some extent during 
treatment. The mechanical parameters involve type of appliance,6-13 duration of force,14-17 
duration of treatment,13,18,19 extent of tooth movement,13,20  magnitude of force, 1,21-23 and type 
of tooth movement.22,24-26  
Some studies27-30 have described extrusive tooth movement as the least harmful 
concerning root resorption; making the literature very limited on this specific type of tooth 
movement. Most of the published data on extrusion is related to traumatised teeth, which 
introduces bias in relation to root resorption due to its high incidence in dental trauma. 
Reitan27 considered root resorption in controlled extrusive movement to be an exception 
after he evaluated premolars under light microscopy. He justified the presence of minor 
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craters with the possibility of existing lesions prior to treatment and the difficulty in avoiding 
tipping while attempting pure extrusion. Hans et al.30 reported similar conclusions. They stated 
that root resorption from extrusive forces was limited and not significantly different from the 
control group. When compared to intrusive forces, they suggested teeth were four times more 
susceptible to root resorption after intrusive forces when compared to extrusive tooth 
movement. Weekes and Wong31 evaluated the response of the periodontal ligament to 
orthodontic extrusion using light microscopy and scanning electron microscopy. After four-six 
weeks of extrusion and twelve weeks of retention on endodontically treated incisors of beagle 
dogs, they described root resorption and repair in the cervical region. 
 Several methods have been implemented in the study of orthodontically induced root 
resorption. Traditionally, radiographs are the most popular tool in the evaluation of treated 
teeth.32-35 They can only detect root resorption if it has occurred in large amounts, and buccal 
and lingual root resorptions are not assessed using this technology. Therefore, the information 
is assessed in only two dimensions while it is a three dimensional process.36 Dudic and co-
workers37 aimed to validate the use of digitised periapical radiographs in evaluating 
orthodontically induced apical root resorption against micro-computed tomography (micro-CT) 
scanning as a criterion standard test. The radiographic method showed a specificity of 78% and 
a sensitivity of 44%, which means that less than half of the cases with root resorption detected 
using a CT scanner were identified by radiography. Conventional light microscopy and scanning 
electron microscopy (SEM) are other 2D methods described in the literature. The down side of 
these technologies relates to the possible need of sectioning of the sample, which is very 
technique sensitive and may underestimate the results.14,28,36,38-41 Three-dimensional 
approaches include stereo-imaging, scanning electron microscopy and computed tomography. 
As root resorption is a three-dimensional problem, these last approaches have claimed to be 
more precise since the tooth and its craters are evaluated in three dimensions. 
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The aim of this research is to investigate and compare the effect of different force 
magnitudes on the volume of root resorption craters, and the sites of prevalence after 
controlled extrusion of maxillary first premolar. Our study is a continuation of a series of 
investigations on physical properties of root cementum and root resorption developed at the 
University of Sydney. 
4.3 Materials and Methods 
4.3.1 Sample 
The study was conducted on 20 teeth obtained from 10 patients (7 females and 3 males) 
who required orthodontic treatment with extraction of upper first premolars at the University 
of Sydney. The patients’ ages ranged between 12 and 18 years of age and were selected 
according to strict selection criteria previously described.42 Ethics approval was obtained from 
the Ethics Review Committee of the Sydney South West Area Health Service (Protocol No. X09-
0110). Written and verbal informed consent was obtained from the subjects and their parents 
or guardians. On each patient, light (25g) controlled extrusive orthodontic force was randomly 
assigned to the maxillary first premolar on one side and heavy (225g) on the contralateral 
tooth. The extrusive forces were in place for 4 weeks.  
The experimental period and force levels used in this research were chosen to comply with 
previous protocols carried out in the Department of Orthodontics at the University of 
Sydney.8,17,23,26,42-47 
4.3.2 Appliance design 
Extrusive forces were applied on the buccal and palatal side to reduce secondary tipping as 
much as possible. Therefore, each force magnitude (25g and 225g) was divided by two in order 
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to obtain the same amount of force on either side. Laboratory tests were performed to 
determine the force delivery system. Several wires were tested using the Mach-1™ Mechanical 
Tester (BioMomentum Inc. Canada), varying the inter-bracket distance and the activation. 
According to those tests, the light extrusive force would be achieved using the core strand of 
0.016 inch SPEED Supercable™ (Strite Industries, Canada) archwire producing 12.5g of force at 
8mm span and 1.8mm activation. This wire is a seven strand coaxial wire of super-elastic nickel 
titanium. On the opposite side, the heavy extrusive force was achieved by an intact 0.016 inch 
SPEED Supercable™ (Strite Industries, Canada) producing 112.5g of force at 8mm span and 
1.8mm activation. (Figure 1) 
The appliance consisted of an acrylic block covering the maxillary first and second molar to 
disengage the occlusion and prevent any occlusal interference. The acrylic block was 
connected to a 0.021 x 0.025 inch stainless steel (3M Unitek™, USA) stabilising wire, which was 
bent passively and bonded to the lateral incisor or canine as convenient. The archwire 
delivering the extrusive force was inserted through tubes welded to the stabilising wire. These 
tubes were attached 8mm apart, mesial and distal to the first premolar. Bondable buttons 
were bonded to the crown on the buccal and palatal side of the first premolar; to which the 
archwire was engaged to exert the force desired.  Maxillary first premolars were previously 
prepared with 0.2mm of interproximal reduction to avoid any contact with the neighbour 
teeth. The same operator treated all patients and the duration of the experiment was 28 days. 
During this period, no reactivation of the experimental set up was performed. (Figure 2) 
4.3.3 Specimen collection 
The extractions were performed by one of two dentists after the experimental 4 weeks; 
the surgery was carried out with careful attention not to damage the root cementum. 
Following extraction, the teeth were immediately stored in individualised containers of 
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sterilized de-ionized water (Milli Q, Millipore, Bedford, Mass), which has been tested earlier as 
an appropriated storage media.48 The individual teeth were thoroughly cleaned by placing 
them in an ultrasonic bath, followed by mechanical cleaning with a damp gauze cloth. This 
removed all traces of the periodontal ligament and any soft tissue fragments adherent to the 
root surface. Extreme care was taken to avoid damage of the cementum. Finally, the teeth 
were disinfected in 70% alcohol for 30 minutes and then bench dried. 
4.3.4 Micro-CT Scan 
The sample was analysed using a compact desktop system for x-ray microtomography. The 
SkyScan 1072 desktop x-ray micro-tomograph (SkyScan, Aartselaar, Belgium) allows non-
destructive three-dimensional reconstruction of the tooth’s inner structure from two-
dimension x-ray shadow projections. 
Each tooth was scanned individually and the procedure lasted approximately 60 minutes 
per tooth. During scanning, the teeth were rotated 360° around the vertical axis with a single 
rotation step at 0.23°. The x-ray tube was operated at 60kV and current of 167μA without 
filters. All teeth were scanned from below the cementoenamel junction to above the apex with 
a resolution of 17.2μm. Images were acquired and saved as 16 bit TIFF (Tagged image file 
format) files. Axial slice-by-slice reconstruction was achieved using Nrecon (version 1.4.2, 
Aartesellaar, Beltium), which is SkyScan's volumetric reconstruction software. It uses the set of 
acquired angular projections to create a set of cross section slices through the tooth. 
Reconstructed slices were saved as bitmap pixel files (BMP). The reconstruction phase involved 
beam-hardening correction, alignment optimisation and ring artefact correction. 
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The following step was visualisation of the tooth surface in 3D. It required VGStudio Max 
software (version 1.2, Volume Graphics, GMbH, Heidelberg, Germany) which gathers the axial 
2D slices to form a 3D image of the tooth. (Figure 3.A) 
4.3.5 3D Image Analysis 
Each tooth was divided into thirds (cervical, middle and apical) in the vertical dimension 
from the cementoenamel junction (CEJ) to the apex; and into fourths when viewed axially 
indicating the four surfaces of the tooth (buccal, lingual, mesial and distal). Each crater would 
be isolated and classified according to its location.  
Craters were then isolated and volumetrically measured using Convex Hull software 
(CHULL 2D) developed by the Australian Centre for Microscopy & Microanalysis at the 
University of Sydney. This program applies 2D convex hull algorithms to each axial slice of the 
crater data set. The interruption of the tooth surface is detected, and CHULL 2D connects the 
borders of the lacunae. The volume is calculated on each axial slice. (Figure 3.B and 2.C) 
 Craters were measured individually and then the root resorption volume for each tooth 
and each surface were calculated. 
4.3.6 Statistical analysis 
Descriptive statistics and statistical analysis were performed using PASW Statistics for 
Windows, version 18. The mean, standard deviation (SD) and range of these measurements 
were calculated. Paired t-tests were performed to determine the levels of significance 
between light and heavy forces and at the different tooth surfaces and thirds. A “P” value ≤ 
0.05 was considered significant. 
4.3.7 Measurement Error 
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Craters were isolated and measured three times for 15% of the sample. Repeated 
measurements were taken 2 and 3 months after the initial analysis. The measurement error 
was calculated as the standard error (SE) from repeated measurements followed by one-way 
analysis of variance (ANOVA). The standard error of measurement within groups was 0.00031 
which results in a coefficient variation of 2.2% (CV=100*SD/mean). When the data was 
analysed by vertical thirds the standard deviation was 0.000182 with a coefficient variation of 
3.8%. 
4.4 Results 
Paired t-Test was carried out to analyse the data since light and heavy forces were applied 
on the same patient. There was a significant difference in the total root resorption caused by 
light and heavy forces (P=0.033). (Figure 4) The mean volume of resorption craters in the 
heavy force group was 0.19mm3 whereas the mean volume for the light force group resulted 
0.063mm3. (Table III) 
When the sample was analysed by vertical thirds the calculations indicated that the 
difference between light and heavy groups was not significant for cervical, middle and apical 
regions separately (P= 0.81, 0.09 and 0.16 respectively).  The mean volume for each group has 
been showed on Table IV; being highest on the middle third of the heavy group. (Figure 5) 
Evaluating the different tooth surfaces, only the distal surface was significantly different 
between light and heavy forces (P=0.016). Heavy force seems to produce more root resorption 
than light at the mesial and distal surfaces; but the opposite is observed at the buccal and 
lingual surfaces. (Figure 6, Table IV)  
4.5 Discussion 
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Root resorption is an unpredictable consequence of orthodontic tooth movement. The 
aetiology has been defined as multifactorial and some of its contributory factors are 
mechanical in origin. It is known that the severity of root resorption is associated with stress 
distribution within the root, periodontal ligament (PDL) and alveolar bone. High strains in the 
PDL indicate the potential sites for bone remodelling process, which indeed are related to the 
development of root resorption craters. Different vectors of force create diverse stresses 
throughout the root of the tooth; hence, root resorption distribution may vary within different 
types of tooth movements. The University of Sydney has performed a series of research 
assessing each type of tooth movement individually.26,43,47,49,50 In relation to extrusive tooth 
movement, the literature clearly recognises it as the least detrimental.27-30  
Preceding publications on root resorption after extrusive tooth movement have not 
provided three-dimensional quantitative analyses on the volume of root loss.27,30,31 In addition, 
there are substantive methodological differences which make comparison very difficult. Our 
study evaluated force magnitude during short-term controlled tooth extrusion and analysed 
quantitatively all the surfaces of the tooth. 
This particular investigation agrees with previous findings supporting the increased volume 
of root resorption craters when heavy forces are applied.21,22,26,28,43,47,49-51 Our results showed 
statistically significant difference between light and heavy group. The mean volume of the 
heavy group was significantly higher when compared to the light group; and the heavy group 
showed almost three times more root resorption than the light group. Orthodontically induced 
inflammatory root resorption (OIIRR) is associated with local compression of the periodontal 
membrane. Over-compression of the PDL will result in tissue hyalinisation.1 The nearby outer 
surface of the root (cementoblast layer covering the cementoid) may be damaged during 
removal of the hyaline zone.52 The resorption process continues until no hyaline tissue is 
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present and/or the force level decreases. There are many proposals regarding the mechanism 
of OIIRR, however the exact means of orthodontic resorption is not fully understood. 
The role of force magnitude in the severity of root resorption has been demonstrated 
several times in the literature.21,22,26,28,43,47,49-51 An optimal force is characterised by a maximal 
cellular response whilst maintaining the vitality of the tissues. Schwarz1 proposed that the 
optimal force for tooth movement should be within the levels of capillary pressure. 
Contradictory findings state that force magnitude is not correlated to an increase in root 
resorption;16,38,53 but differences in methodology and measurement instruments may be 
responsible for this discrepancy. Histological studies do not consider the three-dimensional 
aspect of root resorption and a wide variety of force magnitudes have been implemented on 
these investigations. 
In our study, 25g were used as relatively light forces and a nine fold greater force of 225g 
was considered relatively heavy. The force range matches previous resorption 
studies,26,42,43,46,47,49,54,55 which allows further comparisons. The heavy group force in this 
investigation definitely exceeded capillary pressure; therefore, periodontal ischemia may have 
occured and root resorption developed.56-58 Force magnitude was measured using Mach-1™ 
(BioMomentum Inc. Canada) mechanical tester and the intraoral appliances were constructed 
accordingly in a standardised manner. This was considered reliable, although minor human 
error may potentially have occurred during construction of the appliance. 
From our results, the differences between light and heavy forces were not statistically 
significant when vertical thirds of the roots were analysed. There was a clear trend towards 
the middle and apical thirds being the most affected; and the cervical third suffered the least 
resorption. Our outcome differs from Weekes and Wong,31 who used light microscopy to study 
endondontically treated incisors on dogs after extrusive tooth movement. They observed loss 
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of root structure on the cervical interproximal areas; but the forces were applied by an 
extrusive loop on the buccal side of the tooth. Contradictory results were reported by Han and 
co-workers,30 who observed root resorption mainly close to the apical foramen in spite of also 
having applied the extrusive force on the buccal side only. This type of force delivery system 
would have allowed for a certain degree of buccal crown tipping since the force was applied 
buccal to the centre of resistance of the tooth. With tipping tooth movement, high pressure is 
frequently located at the alveolar crest level;23,59,60 consequent root resorption could be 
expected to be increased in this area when compared to the apex. Henry and Weinmann61 
claimed that the apical third of the root is more susceptible to root resorption than the cervical 
section. Hohmann and co-workers21 suggested that the different blood sources for 
vascularisation of the periodontal ligament in both parts may be related. The cervical third is 
also nourished by the supraperiosteal arteries, while the apical portion of the PDL is supplied 
by the arteria dentalis. The distribution of the capillary blood pressure along the PDL is not 
known but might also contribute to the differences.  Additionally, apical cementum is softer 
than cervical cementum and there are fewer Sharpey’s fibres, which may play a part in 
resorption susceptibility.42,62 
Another factor that may have influenced the variety of results in the literature is the 
duration of the experimental time. The length of treatment has been directly related to the 
extent of root resorption,14,16,17,28,63 although unsupported by Dermaut and DeMunck.64 Our 
experimental period consisted of four weeks while others have employed longer experimental 
times30,31 and some have allowed retention.31  
Different results may be expected when comparing root resorption after continuous and 
intermittent orthodontic forces. Han and co-workers30 described most of their resorption 
lacunae as superficial with limited cavities close to the apical foramen. Intermittent extrusive 
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forces were applied in their experiment and changed the elastic band dimension in order to 
maintain the force values as constant as possible while the tooth was extruding. Our results 
showed a wide range of lacunae volume on every surface evaluated. The force delivery in this 
study was not reactivated during the experimental time, with the purpose of replicating the 
clinical situation and eliminating compliance as an influencing factor. The different 
methodologies may explain the discrepancy in results as the depth of the resorption lacunae 
does not vary between constant and intermittent force application; however, perimeter, area 
and volume of the resorption lacunae with continuous force application are 140% greater than 
with intermittent forces.15 Maltha et al.16 experimented in dogs and corroborated these 
results; concluding that intermittent forces resulted in 40-70% less root resorption than 
continuous forces. 
In the present study, root resorption was found on every tooth surface, being greater 
towards the mesial and distal surfaces but significant only on the distal surfaces when light and 
heavy forces were applied. Regardless of our efforts, this study conveys certain limitations. We 
attempted to minimise dental tipping by applying buccal and palatal forces, but the 
experimental set-up did not control mesio-distal tipping as the forces applied were a one-point 
contact system; therefore some degree of mesio-distal tooth movement may have occurred. 
Another contributing factor is that treated teeth were in malocclusion and crowded position 
before the experimental phase; consequently, the forces applied may have not been 
exclusively along the longitudinal axis of the tooth. Harris et al.26 described similar 
results.2626242424 Another related factor is root morphology; straight dental roots are present in 
9-37% of maxillary first premolars whereas roots inclined distally are present in 36-79%.65,66 As 
explained by Oyama and co-workers67 in a finite element model of different root shapes. When 
intrusive and lingual tipping forces where applied to the model with a dilacerated root, the 
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stress concentrates at the mesial and distal surface of the root apex during intrusive force 
application; whereas it locates at the labial and lingual when a lingual force is applied.  
Orthodontic tooth movement involves a series of biologic reactions to the force applied, 
which make teeth vulnerable to root resorption. Although much care was taken to ensure a 
sound research methodology, there are confounding factors such as individual variations that 
were evident while analysing the data. Individual susceptibility can be so unpredictable that 
incidence and severity cannot be estimated.29,68-70  
Finite element analysis of extrusive tooth movement reports it undergoes a similar 
behaviour to intrusive movements since most of the stress concentrates at the apex of the 
tooth.24 On the other hand, Shaw and co-workers60 claimed that concentration of stress and its 
distribution in extrusive tooth movement may vary from that of intrusion. Further 
investigations are needed to elucidate the stress distribution in upper premolars following 
extrusive force application. Finite element analysis during extrusion is being conducted in our 
department.  
Ethical and practical constraints in human clinical research lead us to a sample of 10 
patients and 20 premolars in each group. Further studies should include a larger sample, which 
will allow the analysis of certain factors such as age, sex and ethnicity. Currently, pre-existing 
root resorption cannot be assessed since the high radiation dose of micro-computed 
tomography has restricted its usage to the study of inanimate objects. More accurate results 
may be obtained as high resolution with low radiation dose scans become available.  
Extrusive tooth movement offers less resistance than other types of tooth movement; in 
spite of this, a significant difference in root resorption is found when heavy and light forces are 
compared. Extrusion is particularly performed on teeth that are impacted or ectopic and when 
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forced extrusion is needed for prosthetic or aesthetic reasons. In these cases, the tooth 
movement may not be a pure extrusive force since the tooth position and the appliance used 
may allow for tipping while extruding at the same time. The archwire utilised to deliver the 
heavy force (225g) in our experiment is clinically considered very light and root resorption was 
still observed. Therefore, it is relevant for the clinician to be aware of the vector of force 
application and the amount of force applied. If a large extrusion is required then gentle forces 
allowing time for repair is recommended. 
4.6 Conclusions 
When controlled light and heavy extrusive forces were applied to maxillary first premolars 
for four weeks the following conclusions were drawn: 
1. Greater root resorption is observed after heavy extrusive forces when compared 
to light forces. 
2.  The distal surface of the tooth root is significantly more affected than other root 
surfaces; and may be influenced by root morphology and original angulation of the 
tooth. 
3. There is no significant difference within cervical, middle and apical third in relation 
to root resorption after light or heavy extrusive forces. 
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Figure 2. Intraoral view of the appliance utilised for 
controlled extrusive force. A) Lateral view of the light 
(25g) extrusive force appliance. B) Lateral view of the 
heavy (225g) force appliance. C) Occlusal view with 
extrusive forces applied on the buccal and palatal side 
of the first premolars.  
A) 
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Figure 1. Coaxial .016 inches Speed Supercable™ (Strite Industries, Canada) 
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Figure 3  Craters location. A) Three dimensional reconstruction of an upper maxillary first premolar with 
resorption craters (arrows). B) Axial view with a noticeable crater. C) Isolated resorption crater. 
 
Figure 4. Distribution of resorption craters between light and heavy groups. 
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Figure 5. Distribution of resorption craters for light and heavy groups according to vertical thirds. 
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Figure 6. Distribution of resorption craters for light and heavy groups according to tooth surface. 
 
 
  
C
ra
te
rs
 v
o
lu
m
e 
(m
m
3
) 
 
Buccal Mesial Distal Lingual 
Analysis of root resorption after light and heavy extrusive orthodontic forces. Micro-CT 
study and Finite Element Analysis 
 
By Vanessa Jiménez Page 147 
4.10 List of Tables 
Table I. Estimated mean volumes of root resorption in mm3.. .......................................... 148 
Table II. Estimated mean volumes by vertical thirds in mm3.. ........................................... 148 
Table III. Estimated mean volumes by tooth surface in mm3.. ........................................... 148 
 
  
Analysis of root resorption after light and heavy extrusive orthodontic forces. Micro-CT 
study and Finite Element Analysis 
 
By Vanessa Jiménez Page 148 
 
Table III. Estimated mean volumes of root resorption in mm
3
. Light and heavy groups. 
Force Mean S.D 
Light 0.063 0.069 
Heavy 0.185 0.177 
 
Table IV. Estimated mean volumes by vertical thirds in mm
3
. Light and heavy groups. 
Force Light Heavy 
Cervical 0.020 0.022 
Middle 0.020 0.108 
Apical 0.023 0.056 
 
Table V. Estimated mean volumes by tooth surface in mm
3
. Light and heavy groups. 
Force Light Heavy  
Buccal 0.011 0.004 
Mesial 0.030 0.104 
Lingual 0.014 0.011 
Distal 0.008 0.066 
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5.1  Abstract 
Introduction 
The severity of root resorption is associated with stress distribution within the involved 
structures. This study aims to evaluate stress-strain patterns on human first premolars under 
intrusive and extrusive forces and their relationship with the location of root resorption 
craters.  
Methods 
Controlled intrusive and extrusive orthodontic forces (225g) were applied in vivo to the 
first maxillary premolar of a 15 years old patient. Micro-CT images of the extracted teeth were 
compared with the results of FEA of a patient-specific model. The same loading conditions as 
applied in vivo were simulated. The principal stress, von Mises and Hydrostatic pressure were 
analysed for the PDL, tooth root and alveolar bone.  
Results 
The simulated outcome for intrusion showed highest compressive stresses on the apical 
third of the PDL with minor areas undergoing tensile stress. Extrusion resulted in highest 
tensile stress at the apex with compressive stress associated with procumbent areas of the 
tooth root. Stress on the alveolar bone was particularly high on the mesial alveolar crest in 
both situations. The location of root resorption craters from the micro-CT analysis correlated 
with the regions of highest stress on the finite element models. 
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Conclusions 
High stress concentration on the PDL is associated with the development of root 
resorption craters. Root morphology influences the location of high stress areas. The 
application of a force on a single tooth is transmitted to neighbour teeth via contact points and 
supporting tooth structures.  
Key words 
Root resorption, orthodontic extrusion, orthodontic intrusion, finite element analysis, 
stress distribution. 
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5.2  Introduction 
Orthodontic tooth movement is the result of pathologic and physiologic responses to 
externally applied forces.  Force-induced periodontal ligament and alveolar bone remodelling 
will take place after a minor reversible injury to the tooth–supporting tissues and the 
physiological adaptation of alveolar bone to mechanical strains. In other words, the 
periodontal ligament and the surrounding bone will react to changes in the stress-strain 
distribution; which results in intra-alveolar displacement of the tooth and bending of the 
alveolar bone.1,2  The stress-strain distribution is determined by force magnitude, bone area, 
and distribution of the force which varies according to the type of tooth movement.3 
Orthodontically induced inflammatory root resorption and orthodontic tooth movement 
occur in association with local compression of the periodontal structures. Over-compression of 
these tissues results in hyalinisation of the affected area;4 which removal will involve a chain of 
biologic responses. Root resorption may develop as a side effect of the cellular activity in 
charge of the removal of necrotic tissue from the hyalinised zone.5,6  
Diverse methodology has been utilised to study different aspects of orthodontically 
induced inflammatory root resorption (OIIRR); such as radiographs, light microscopy and serial 
sectioning, scanning electron microscopy, and micro-computed tomography. Scanning micro-
computed tomography is a miniaturised version of a medical computed tomography, which 
allows accurate non-destructive analysis of the sample in a three-dimensional matter. 
Finite element analysis has frequently been used to study stress and strain fields in the 
periodontum. This method has the advantage of being applicable to solids of irregular 
geometry and includes heterogeneity of tooth material. The complexity of the dental anatomy 
has questioned the results of some investigations, since analysis of the force transferred from 
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the tooth to the alveolar bone through the PDL depends on the physical properties and the 
anatomy of the structures modelled.7,8 
Root resorption is considered to be multifactorial; therefore, several factors related to root 
resorption have been discussed in the literature. These features have been classified as 
biological, mechanical and combination of both.9 The mechanical factors involve the type of 
appliance,10-17 duration of force,18-21 duration of treatment,17,22,23 extent of tooth 
movement,17,24  magnitude of force, 4,25-27 type of tooth movement,26,28-30 amongst others. 
Different vectors of force create different stresses throughout the root of the tooth and 
surrounding structures. Since root resorption has been related to areas of over-loading of the 
periodontal tissues, different distribution patterns of root resorption craters have been 
described according to the types tooth movement.  
Intrusive tooth movement tends to generate resorption craters in the apical and inter-
radicular area of the root.30-35 The tooth apex undergoes most of the periodontal ligament 
compression during intrusive tooth movement.28,36 The severity of root resorption is 
significantly correlated to the force applied; stronger forces would produce more root 
resorption.30-32,34,37 A comparison between intrusion and extrusion was performed by Hans and 
co-workers.35 The experimental time involved eight weeks and a scanning electron microscope 
was used to analyse the data. They suggested the apical third as the most affected area; and 
determined that intrusive movements produces four times more root resorption than 
extrusive forces. Previous finite element analysis have described stresses at the root apex to 
be higher and distributed differently during intrusion compared with other movements.38  
Oyama and co-workers39 observed a higher stress level at the labial and lingual surface of the 
root apex; which could be explained by labial crown torque that would be generated when 
applying an intrusive force on the buccal surface of the crown. The PDL has been reported to 
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experience hydrostatic stresses higher than systolic pressure on the apical third and furcation 
of maxillary first premolars.40 
Extrusive tooth movement is considered to induce the least root resorption when 
compared to other types of tooth movement.34,35,37,41 Minor apical root resorption was 
described by Reitan34 and Han et al 35 when extrusive tooth movement was evaluated. Jiménez 
and co-workers42 found significant difference in the volume of root resorption between light 
(25g) and heavy (225g) forces and also on the distal surface of the root when compared to 
other areas. Weekes and Wong43 reported contrasting results, as they described root 
resorption and repair in the cervical inter-proximal region of the experimented dogs. Finite 
element analysis has described controversial results. Rudolph et al28 have claimed that 
extrusive tooth movement has similar behaviour to that of intrusion while Shaw and co-
workers38have claimed the opposite.  
Our aim is to evaluate dissimilar patterns of stress distribution on human first premolars 
after applying 225g of controlled intrusive and extrusive orthodontic force using finite element 
analysis. Moreover, correlate the stress distribution with the location of root resorption 
craters on human premolars assessed by Micro-CT technology.  
5.3  Materials and Methods 
5.3.1 Sample 
This study was conducted on two maxillary first premolars that were collected from a 15 
years old, male orthodontic patient requiring extraction of these teeth as part of his 
treatment. The patient was selected according to strict criteria previously described.44 A cone 
beam computed tomography was taken for orthodontic records; and this data was utilised to 
generate the finite element model. Intrusive tooth movement was randomly assigned to the 
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right hand side premolar and extrusive on the contralateral. A custom made appliance was 
designed to deliver the respective controlled tooth movements. The duration of the 
experiment was 28 days; no reactivation of the experimental set up was performed during this 
period. Ethics approval was obtained from the Ethics Review Committee of the Sydney South 
West Area Health Service (Protocol No. X09-0110) 
5.3.2 Appliance design 
Laboratory tests were performed previous to the construction of the appliance in order to 
determine the force delivery system. Several wires were tested using the Mach-1™ Mechanical 
Tester (BioMomentum Inc. Canada) varying the inter-bracket distance and the activation. 
5.3.2.1 225gr controlled intrusive force. (Figure 7.A and 1.C) 
Intrusive forces were applied on the buccal and palatal side to avoid secondary tipping. 
The desired force magnitude (225g) was divided by two in order to obtain the same amount of 
force on either side of the tooth. Based on laboratory tests, the intrusive force was achieved 
with 0.016 inches SPEED Supercable™ producing 112.5g of force at 8mm span and 1.8mm 
activation. 
The appliance consisted of an acrylic block covering the maxillary first and second 
molar to prevent occlusal interference. The acrylic block was connected to a 0.021 x 0.025 
inches stainless steel (3M Unitek™) wire, which was bent passively and bonded to the lateral 
incisor or canine as convenient. The active wire (Speed Supercable™) was inserted through 
auxiliary tubes, which were welded to the stabilising wire. Bondable buttons were bonded to 
the buccal and palatal side of the premolar to which the auxiliary wire was engaged to exert 
the desired force.  Maxillary first premolars were prepared with 0.2mm of interproximal 
reduction to decrease any contact with the neighbour teeth. 
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5.3.2.2 225gr. controlled extrusive force. (Figure 7.B and 1.C) 
A similar arrangement was designed with the only difference on the direction of the force; 
witch was directed occlusally in order to achieve a controlled extrusive orthodontic force.  
5.3.3 Specimen collection 
The extractions were performed by one dentist after the experimental 4 weeks; root 
cementum was to be preserved at all times. Teeth were immediately stored in 
individualised containers of sterilised de-ionized water (Milli Q, Millipore, Bedford, Mass), 
which has been tested earlier as an appropriated storage media.45 Each tooth was then 
thoroughly cleaned by placing them in an ultrasonic bath, followed by mechanical cleaning 
with a damp gauze cloth. This procedure removed all traces of the periodontal ligament and 
any soft tissue fragments adherent to the root surface. Finally, the teeth were disinfected in 
70% alcohol for 30 minutes and then bench dried. 
5.3.4 Micro-CT Scan 
The sample was analysed using a compact desktop system for x-ray microtomography. The 
SkyScan 1072 desktop x-ray micro-tomograph (SkyScan, Aartselaar, Belgium) allows non-
destructive three-dimensional reconstruction of the tooth’s inner structure from two-
dimension x-ray shadow projections. 
Each tooth was scanned individually and the procedure lasted approximately 60 
minutes per tooth. During scanning, the teeth were rotated 360° around the vertical axis with 
a single rotation step at 0.23°. The x-ray tube was operated at 60kV and current of 167μA 
without filters. All teeth were scanned from below the cementoenamel junction (CEJ) to above 
the apex with a resolution of 17.2μm pixels. Images were acquired and saved as 16 bit TIFF 
files. Axial slice-by-slice reconstruction was achieved using Nrecon (version 1.4.2, Aartesellaar, 
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Beltium). This software uses the set of acquired angular projections to create a set of cross 
section slices through the tooth. The reconstruction phase involved beam-hardening 
correction, alignment optimization and ring artefact correction. 
The following step was visualisation of the tooth surface in 3D. It required VGStudio 
Max software (version 1.2, Volume Graphics, GMbH, Heidelberg, Germany) which gathers the 
axial 2D slices to form a 3D image of the tooth.  
5.3.5 3D Image Analysis 
Each tooth was divided into thirds (cervical, middle and apical) in the vertical dimension 
from the CEJ to the apex; and into fourth when viewed axially indicating the four surfaces of 
the tooth (buccal, palatal, mesial and distal). Each crater would be isolated and classified 
according to its location.  
Isolated craters were then volumetrically measured using Convex Hull software (CHULL 2D) 
developed by the Australian Centre for Microscopy & Microanalysis at the University of 
Sydney. This program applies 2D convex hull and connects each border of the lacunae. The 
craters were measured individually and root resorption volume for each tooth and each 
surface were calculated. 
5.3.6 Finite Element Model 
To acquire the geometry, a cone beam computed tomography scan of the treated patient 
was utilised for the precise reconstruction of the anatomical structures. The scan included a 
total 495 slices and voxel dimension of 0.4mm. 
Two different finite element models were generated from this patient. One corresponded 
to the right hand side of the patient and received intrusive orthodontic forces as performed 
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clinically. The contralateral side was utilised to generate the second model in which extrusive 
forces were simulated. 
The data was processed using digital edge detection technology for the cortical bone, 
alveolar bone and dentin. ScanIP™ 4.0.224 (Simpleware LTD, Exeter, UK) software was utilised 
to generate the model. This image processing software assists in visualising and segmenting 
regions of interest from any volumetric 3D data. The +ScanCAD™ 1.1.66 (Simpleware LTD, 
Exeter, UK) module bolts onto ScanIP™ and allows the integration of CAD models into the 3D 
image.   The model was completed by adding the orthodontic hardware that was modelled 
with the same software based on the manufacturer’s technical specifications.  
A commercial finite element model software package such as Abaqus/CAE 6.9 (Dassault 
Systèmes Simulia Corp., Providence, RI, USA) was used for the numeric analysis once the 
material properties were assigned to all elements, and the boundary and load conditions to 
the appropriate nodes. 
In this study the models were meshed by using a combination of hexahedrons (hexes) and 
tetrahedrons (tets); which allowed reproducing the complex curved surfaces and provided 
better modelling accuracy. A total of 492,533 elements were included in the intrusion model 
(466,598 tets and 25,935 hexes) and 123,775 nodes. For the extrusion model 431,156 
elements in total were utilised (404,887 tets and 26,269 hexes) and 108,845 nodes. 
A multi-tooth system was created containing the canine, first and second premolar on 
each model. A surface-to-surface contact was established between adjacent teeth in order to 
recreate the teeth’s interactions under orthodontic loading.  
A uniform loading condition was directed to a bracket modelled on buccal and palatal 
surface of the first premolar crown. The orthodontic force applied is distributed effectively by 
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the bracket and bonding cement onto the crown of the tooth and the surrounding dental 
structures. The amount of force utilised was 225g for both types of tooth movement; they 
were applied along the “z” axis of the model (long axis of the first premolar). It was assumed 
that the structures responded to load linearly, and all materials in this analysis were modelled 
isotropic and elastic.  Although the PDL is known to be a nonlinear visco-elastic material,46 
most finite element models incorporate linear elastic properties due to the lack of conclusive 
data. We aimed to consider the force and stress at the initial stage of orthodontic tooth 
movement, when the linear elastic properties of the PDL reflect the same stiffness as the initial 
behaviour of the non-linear PDL.47 The material properties for the model components were 
obtained from previous literature48,49 and are summarized on Table I. 
The biomechanical responses on the tooth, PDL, and alveolar bone to initial orthodontic 
tooth movement were quantified by analysing and comparing the von Mises, principal and 
hydrostatic stresses and strains.  
5.4  Results 
Finite element analysis (FEA) covers several structures; therefore, a large amount of 
information is generated for each tissue. Due to the type of data, it is easier to report the 
results as a visual image with areas of higher values coded on warmer colours and cooler 
colours for lower stress and strain. In the case of principal and hydrostatic stresses, warmer 
colours represent tensile stress while cooler colours stand for compressive stresses. The colour 
coding is not uniform across all figures, so it is very important to refer to the legend for 
comparison.  
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5.4.1 Tooth root 
Table VII describes the distribution of the root resorption craters on the clinical section of 
the study. The 3D image analysis of the extracted premolars indicated higher resorption 
volume on the cervical and middle area for the extruded first premolar. The contralateral 
tooth that received intrusive forces lost higher volume of root in the apical and middle thirds 
when compared to the cervical area. (Table VII) The number of root resorption craters was less 
in the extruded than the intruded tooth, but the root resorption volume was higher on the 
tooth that received the controlled extrusive force. (Table VIII) 
The stress distribution (von Mises) pattern was very similar with both types of tooth 
movements; higher stresses where observed on the cervical third, which decrease 
progressively towards the apex (Figure 8). No distinction was made between the different 
surfaces of the tooth root.  
The strain distribution was equivalent to the von Mises pattern, which shifted from very 
low in the apical zone and increased progressively towards the crown of the tooth. Both of the 
models behaved similarly except in the cervical third where the stress was considerably higher 
after extrusion than intrusion. 
5.4.2 Periodontal ligament 
The PDL was analysed with the first principal, third principal and hydrostatic stress. After 
intrusion, the first principal stress was mainly light tensile (0-0,7KPa); compressive areas are 
observed within the middle-apical region, particularly on the distal surface (0,1-0,5 KPa). The 
third principal stress also showed highest compressive areas at the apical third ranging 
between 0,4-0,8KPa (distal surface). Tensile third principal stress was mostly present over the 
mesial surface of the PDL (0,1-0,4KPa). The hydrostatic pressure was compressive on most of 
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the PDL with higher compressive stress developing on the disto-apical third (0,3KPa-0.6KPa). 
Tensile hydrostatic stress was observed on the mesial area of the PDL, particularly on the 
concavity created between the buccal and palatal roots (0,1-0,4KPa). (Figure 9) 
The extrusive model showed very similar patterns on every contour evaluated. The first 
principal stress was mostly tensile with its highest stress at the buccal-apical region, with a 
maximum value of 1,05KPa. Compressive areas where located on the palatal PDL surface at the 
middle-apical level and on the mesial surface and on the palatal surface of the buccal root. The 
maximum compressive third principal stress was 0.9Kpa. Compressive stresses were mainly 
observed in areas anatomical irregularities. (Figure 10) 
Table IV describes the maximum compressive and tensile stress value obtained for each 
contour according to the type of tooth movement 
The strain distribution was fairly uniform along the PDL on both models. The higher strains 
were always found within the apical third. Overall, the strain values were higher in the 
extrusive tooth movement when compared to intrusion as observed on Figure 11. 
5.4.3 Alveolar bone 
 The cortical bone presented higher stress at the cervical area, having the maximum stress 
on the mesial bone crest (Figure 12). When the first principal stress was analysed, the 
extrusive model expressed tensile stress (Max. 2.05 MPa) around the periphery of the alveolus 
at the level of the alveolar crest. The third principal stress was evaluated on the intrusive 
model as it represents better the compressive stress; with a highest value of 0,74Kpa. The 
strain distribution is similar to stress in both cases.  
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The stress and strain arrangement on cancellous bone showed similar results to those of 
cortical bone. The outstanding difference is that the stress and strain values were much lower 
than those on the cortical bone.  
5.4.4 Neighbour structures 
As a result of the multi-rooted model, secondary stress and strain was shown on neighbour 
teeth on every anatomical structure evaluated. In general the values were usually lower than 
those on the experimental teeth.  
5.5  Discussion 
In this investigation the aim was to analyse the biomechanical changes induced by 
orthodontic intrusive and extrusive loading on the supporting apparatus of the tooth. For this 
study, 225g of force where applied along the z-axis of the model; which was aligned with the 
long axis of the first premolar in both finite element models. The intensities for the forces 
utilised were based on previous investigations by our group; in which 50g of force was found 
to be optimal and 225g was considered heavy.12,21,27,30,44,50-54 One model received a controlled 
extrusive force while the other experienced an intrusive force. The FEA has been compared 
with in-vivo loading.  
The stress distribution was more complex than expected. What is presented in this 
investigation is a simplified and theoretical model, where the assumption of the periodontal 
linear elasticity is valid in relation to the instantaneous effect of the applied forces.  
When von Mises contour was evaluated, the intrusive orthodontic forces produced 
maximum stress values at the cervical area and no significant stress concentration along the 
root surface of the first premolar. Oyama et al.39 obtained similar results after investigating the 
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stress distribution at the root of a central incisor. They applied 2N of intrusive forces; which 
resulted in relevant stress at the apex only when the tooth was modelled as a dilacerated or 
pipette shape root. Shaw and co-workers38 confirm these results by reporting low von Mises 
stresses at the apical area of the tooth root; and stating that the difference in stress values was 
minimal when compared with intrusive forces.  
Although there is no clear association between location of root resorption craters and 
stress distribution on the root surface, the root stress patterns might have an impact. There 
are areas where bone resorption takes place regardless of tensile or compressive stress on the 
root surface. Therefore, even if the PDL stresses correspond better to root resorption patterns, 
this phenomenon might be linked to a combination of root and PDL stresses. Tensile and 
compressive longitudinal stresses on the tooth affect the overlying cementum differently, 
particularly if there are pre-existing root-surface defects.55 Thus, it may be speculated that the 
stress on the root boosts its susceptibility, triggered by the stresses on the periodontal 
ligament.  
The PDL experiences very low compressive stress on most of the root as a consequence of 
intrusive forces. Higher compressive stress was observed towards the apical third; mostly 
located on the disto-palatal surface. Tensile stress was evident on the mesio-buccal area; 
particularly buccal surface of the palatal root where a deep depression on the tooth surface is 
present. This distribution may be explained by the anatomical characteristics of the tooth56 
and the natural slight distal angulation of the posterior buccal segments.57 Low tensile stress 
appear at the cervical area of the PDL on the buccal and palatal side; which agrees with Wilson 
and co-workers,58 who described mild tensile stress along the PDL on the side of force 
application. In our model the force was applied on the buccal and palatal side of the tooth; 
therefore, the same stress pattern was observed on both sides.  
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In general, the stress and strain distribution of the PDL correlates with the location of the 
craters in the clinical section of the experiment, being the apical and middle third mostly 
affected, showing craters developing in the areas of higher stresses. It has also been proven in 
several clinical studies that the apical region of the root has the highest susceptibility to root 
resorption after orthodontic intrusion.30,32,34 Hohmann et al.40 described very similar result 
while trying to correlate the hydrostatic pressure at the periodontal ligament with the 
development of root resorption. They found a strong relationship between the location of root 
resorption craters and the areas where the hydrostatic stress was higher than the capillary 
blood pressure; these areas where located at the apical portion of the PDL up to the furcation. 
Hohmann and co-workers40 did not find root resorption in vivo in areas of positive stress; as 
oppose to our study where root resorption was observed on the mesial surface of the PDL, 
which experienced the highest tensile stress. The variation in our results may be related to 
different force vector orientation applied on each study, as well as the disparity between our 
finite element model and the experimental tooth anatomy. Several investigations25-27,30-32,34,37,40  
support the involvement of high force magnitude in the development of root resorption 
craters as the stress and strain developed are highly correlated to the amount of force applied, 
the root anatomy and surface. 
Extrusive orthodontic force was characterised by higher von Mises and strain values at the 
cervical third of the tooth root, which decreased towards the apex. The PDL showed 
fluctuation between low tensile and compressive stresses across most of its surface. The 
highest tensile stress was observed on the bucco-apical PDL area; whereas compressive 
stresses were located across the palatal surface and the mesial depression of the periodontal 
ligament. Our outcome is coincident with the results from Toms and Eberhardt59 for linear and 
uniform PDL after extrusive tooth movement. They report the maximum principal stress values 
to be highest at the apex of the periodontal ligament when compared with other parts of the 
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tooth; which also agrees with previous findings of Wilson and co-workers.58 On the other hand, 
these investigators58 report compressive stress on the side of force application. This aspect is 
difficult to assess in our model as we applied extrusive forces bucally and palatally. According 
to our results, root anatomy, tooth initial position within the arch and the direction of the 
force vector play a very important role in the development of high compressive areas and root 
resorption, particularly for extrusive forces. Clinically, a wide variation of results has been 
reported for extrusion. In this investigation the experimental premolar developed resorption 
craters on the mesial depression, which correlates with the areas of higher compressive stress. 
In a previous investigation on controlled extrusive forces on first maxillary premolars we have 
reported the location of root resorption craters to be statistically significant only on the distal 
surface of the tooth root; with no discrimination across the different thirds of the root.42 
Others, such as Reitan34 and Han et al.35 described root resorption craters mostly on the apical 
third of the root, whereas Weekes and co-workers43 observed loss of root structure on the 
cervical interproximal areas. The discrepancies between all these investigations most likely 
relate to the different appliances used to deliver the force, the magnitude of the forces, the 
duration of treatment and the individual risk of the subjects.  
Certain limitations were present in our study in spite of all the efforts to model the correct 
morphology and approximate the true physical properties of the PDL and the surrounding 
bone. Our study was based on the anatomy of a single donor, and the results should be 
interpreted accordingly. The material properties of the anatomical structures were considered 
linear, isotropic and elastic; although the PDL is known to be a nonlinear, anisotropic and 
visco-elastic material. According to Toms et al.,59 linear models tend to underestimate PDL first 
principal and von Mises stress at the apex and overestimate them in the mid root location.59 
On the other hand, identical modelling of tooth anatomy was restricted by the resolution of 
the CT-scan utilised; which was obtained from a life patient. For ethical reasons, the amount of 
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radiation had to be controlled which affected the quality of the data. In spite of this issue, it 
was still possible to recreate adequate and realistic anatomy of the surrounding structures 
such as cortical and cancellous bone, and the results of our model highly correlate to our 
clinical data.  
Unlike most previous FE analyses our model comprised 3 teeth, which allowed us to 
simulate the clinical scenario more accurately.48,60,61  Under these circumstances, the teeth are 
in contact with one another, and hence the orthodontic forces are transmitted throughout the 
entire system. The adjacent dentition causes greater compressive stresses because the PDL is 
compacted by the rigidity of the neighbouring structures. Our results showed that in spite of 
applying the force to only one tooth, surrounding structures experienced different patterns 
and degrees of stress and strain. This phenomenon was evident on adjacent teeth and their 
corresponding periodontal ligament and alveolar bone. Forces are transmitted through the 
teeth’s contact points and alveolar bone. Slight variations are noticed between both types of 
tooth movements; the transferred stress and the resultant strain tend to be higher with 
extrusive tooth movement.  
Since the stress magnitudes depend on the type of tooth movement, the mechanical 
stimulus caused by the same magnitude may be different according to the type of tooth 
movement.55 Therefore, the optimal orthodontic force should be defined in relation to specific 
dentoalveolar morphological conditions and the vector of force applied, rather than force 
magnitude alone.  
Considerable work remains in improving the accuracy of results generated by finite 
element analysis in relation to tooth movement and root resorption. It has been stated 
numerous times that the computer models depends on assigned constitutive properties. The 
lack of conclusive information on periodontal ligament properties is a source of error in 
Analysis of root resorption after light and heavy extrusive orthodontic forces. Micro-CT 
study and Finite Element Analysis 
 
By Vanessa Jiménez Page 168 
computer simulations of orthodontic tooth movement.62-64 Duration of force has a determining 
role in the development of root resorption,19-21,37 therefore further work is required to 
determine the effect of time on stress distribution within the periodontal ligament after the 
application of orthodontic forces.  
5.6  Conclusion 
The following conclusions were drawn after analysing the stress distribution produced by 
intrusive and extrusive orthodontic forces and its correlation with the location of root 
resorption craters:  
1. Root anatomy has a determining role in the development of high stressed areas, 
along with the vector of force applied. 
2. High stress on the PDL, particularly compressive is an indicator for the location of 
root resorption craters. 
3. Intrusive forces produce mainly compressive stresses being highest at the apex 
with limited tensile areas. 
4. Extrusive forces produce highest tensile stress at the apex with certain areas of 
compressive stress mainly correlated with anatomical irregularities.  
5. The application of force on a single tooth is transmitted to neighbour teeth via 
contact points and supporting tooth structures.  
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Figure 8 von Mises stress contours within the first premolar and neighbour teeth after 225g of intrusive  and 
extrusive orthodontic force (Palatal view). Higher concentrations of stress energy are present at the level of the 
alveolar crest. Cooler colours represent minimal stress, while warmer colours indicate higher stresses. 
 
 
A) B) 
C) 
Figure 7. Appliance design. A) Intrusive tooth 
movement with similar setup palatal side, 125g of 
force per side. B) Extrusive tooth movement with 
similar setup on the palatal side, 125g of force per 
side. C) Occlusal view with intrusive tooth 
movement on the right and extrusive on the left.  
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Figure 9 Stress analysis on the PDL under the application of 225g of intrusive orthodontic force. Cooler 
colours represent compressive stress while warmer colours indicate tensile stress. 
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Figure 10 Stress analysis on the PDL under the application of 225g of extrusive orthodontic force. Cooler 
colours represent compressive stress while warmer colours indicate tensile stress. 
Analysis of root resorption after light and heavy extrusive orthodontic forces. Micro-CT 
study and Finite Element Analysis 
 
By Vanessa Jiménez Page 178 
 
 
Figure 11. Strain distribution on the PDL after 225g  under intrusive and extrusive orthodontic force (Buccal 
view). Cooler colours represent minimal strain, while warmer colours indicate higher strains. 
 
Figure 12. Stress distribution on the cortical bone. Cooler colours represent compressive stress while warmer 
colours indicate tensile stress. 
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Table VI. Material properties utilised for the FEM. (Data from Poppe et al.
49
) 
Material 
Young’s modulus 
(MPa) 
Poisson’s 
ratio 
Dentin 14.7 x 10
3
 0.31 
PDL 1.18 0.45 
Alveolar bone 4.9 x 10
2
 0.30 
Cortical bone 14.7 x 10
3
 0.30 
Orthodontic wire 2.1 x 10
5
 0.30 
Orthodontic bracket 2.1 x 10
5
 0.30 
Bonding cement 21.4 x 10
2
 0.31 
 
Table VII. Root resorption volume in mm
3 
according to vertical thirds and type of tooth movement. 
 
Cervical Middle Apical 
Extrusion 0,081 mm3 0,101 mm3 0,000 mm3 
Intrusion 0,000 mm3 0,012 mm3 0,010mm3 
 
Table VIII Root resorption volume in mm3 according to tooth surface and type of tooth movement. 
  Buccal Mesial Palatal Distal 
Extrusion 0,000 0,154 0,000 0,004 
Intrusion 0,000 0,013 0,001 0,008 
 
Table IX Maximum stresses on the PDL according to type of tooth movement. 
 Tensile stress Compressive stress 
 Intrusion Extrusion Intrusion Extrusion 
1st Principal stress 0,73 1,05 0,54 0,67 
3rd Principal stress 0,41 0,82 0,87 0,92 
Hydrostatic pressure 0, 47 0,88 0,64 0,76 
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6.1  Selection Criteria:38 
 Patient who requires the removal of the bilateral first premolar teeth as part of 
orthodontic treatment. 
 No previous reported or observed dental treatment to the teeth to be extracted. 
 No previous reported or observed trauma to the teeth to be extracted. 
 No previous reported orthodontic treatment involving the teeth to be extracted. 
 No past and present signs and symptoms of any periodontal disease. 
 No past and present signs and symptoms of bruxism. 
 No significant medical history that would affect the dentition. 
 No craniofacial and dentoalveolar syndromes. 
 Completed apexogenesis. 
 Knowledge of subject’s residence since birth and history on fluoride. 
 Sufficient space for the proposed root movements to be carried out. 
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6.2  Determining the force delivery system 
1. Acrylic block + 2 SmartClip™ (3M Unitek™, USA) brackets 20mm apart +  0.021 x 0.025” 
SS wire (Stabilizing wire).  
2. Two SPEED brackets™ (Strite Industries, Canada) were inserted onto the stabilizing 
wire using their main slot.  
3. A 2nd section of wire (Auxiliary Wires) was inserted through the aux. slot of the Speed 
brackets (Strite Industries, Canada).  
4. Different dimensions of “Auxiliary Wires” were tested in order to assess their force 
delivery according to different interbracket distances and points of force application. 
The Mach-1™ (BioMomentum Inc. Canada) mechanical tester was used for this 
purpose. 
  
5. The construction of the intraoral appliance was based on the interbracket distance 
(X), the point of force application (Y) and the dimension of the auxiliary wire 
necessary to produce 12.5gr and 112.5gr. 
Mach-1™ Micromechanical System (BioMomentum Inc. 
Canada).  
This device is a small-sized universal mechanical testing system. 
Typical applications for the system are in the mechanical stimulation 
and characterisation of biological tissues, polymers, gels, biomaterials, 
capsules, adhesives and food. 
The instrument allows for the characterisation of mechanical 
properties such as stiffness, strength, modulus, viscoelasticity, 
plasticity, hardness, adhesion, swelling and relaxation using 
displacement controlled motion. 
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Test of .016 Speed Supercable™ (Strite Industries, Canada) on Mach - 1™ (BioMomentum Inc. Canada) 
 
 
Coaxial .016 Speed Supercable™ (Strite Industries, Canada) 
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6.3 Specimen collection 
 
6.4  SkyScan 1072 desktop x-ray micro-tomograph 
(SkyScan, Aartselaar, Belgium) 
 
 
 
 
Extraction of 
1st PM
Stored in   
de-ionized 
water
Ultrasonic 
bath for       
10 min.
Mechanical 
cleaning with 
a rubbing 
motion  
Disinfection 
with 70% 
alcohol for 30 
min.
Bench dry at 
ambient 
temperature
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6.5 Mounting teeth for scanning on the SkyScan 
1072 desktop x-ray micro-tomograph (SkyScan, 
Aartselaar, Belgium) 
 
6.6 Images from the Micro-CT scan  
 
These images are produced as the x-ray penetrates the tooth while it rotates on its base.  
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6.7 Images from Nrecon 
 
Images obtained after cone beam reconstruction with Nrecon software. These are axial views 
that progress from cervical to apical.  
 
6.8  3D images from VG Studio Max 1.2 (Volume 
Graphics, GmBH, Heidelberg, Germany)  
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6.9 Isolated Crater 
Axial slices of the isolated crater were saved as a group and exported to Convex Hull 
Software (CHULL2D) 
 
6.10 Axial slices of an isolated crater are measured 
by CHULL2D 
Convex Hull Software 2D was utilised to measure the volume of the crater. The Australian 
Centre for Microscopy and Microanalysis at the University of Sydney developed this software, 
which is able to detect a break in the convexity of the root surface and close it by creating a 
line that connects each border. The area of the crater is measured on each axial slice and 
added to obtain the total volume of the crater. The results is obtained as voxels, the actual 
volume of the crater is the result of voxels and the actual scanning resolution.  
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6.11 Elements utilised for the generation of the 
finite element model.  
Three-dimensional elements take the form of cubes called hexahedrons (hexes) or 3D 
triangles called tetrahedrons (tets). 
 
6.12 FEA of the first premolar under 225g of 
intrusive and extrusive orthodontic forces. 
6.12.1 Von Mises distribution on the tooth structure  
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6.12.2 First principal stress on the tooth structure 
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6.12.3 Strain distribution on the tooth structure 
 
Strain of the first premolar root analysed by thirds  
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6.12.4 Von Mises distribution on the PDL 
 
6.12.4.1 Von Mises distribution on  first premolar PDL analysed 
by thirds  
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6.12.5 Strain distribution on the periodontal ligament 
 
6.12.5.1 Strain of the periodontal ligament of the first premolar 
analysed by thirds  
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6.12.6 Von Mises distribution on the cortical bone 
 
 
 
6.12.7 First principal stress on the cortical bone 
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6.12.8 Strain distribution on the cortical bone 
 
6.12.9 Stress distribution on the cancellous bone 
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7 Future Directions 
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The volume of root resorption expressed great variation between individuals, validating 
the multifactorial origin of this phenomenon. Root resorption was observed in all subjects 
except one after four weeks of controlled extrusive force application. Significant root 
resorption was present when heavy forces were applied; no real difference was noticed within 
vertical thirds. A significant disparity was described between light and heavy group only on the 
distal surface of the tooth root.  
To reduce the variables in our investigation, future studies should include a larger sample 
size and longer experimental period. Ethical and practical constraints in human clinical 
research lead us to a sample of 10 patients and 20 premolars. A much larger cohort of patients 
would provide the opportunity of analysing different factors such as age, sex, and ethnicity.  
Genetic testing and biological markers may also become available to help assessment of 
individual risk of root resorption. To be practical, this test would need to be inexpensive and 
easy to use clinically on a routine basis, something that may be difficult to achieve.  
All subjects in the study were adolescents. Another interesting direction would be to 
repeat the study in an adult population and examine the difference in the results.  
 Furthermore, extending the experimental period could give insight on the overall 
progression and repair of root resorption following extrusive tooth movement. However, 
appliance breakages, compliance and reactivation may introduce other limitations. 
Currently, micro-computed tomography is restricted to the study of inanimate objects 
such as extracted teeth. Thus, it is impossible to know the extent of pre-existing root 
resorption. Results that are more accurate may be obtained as high resolution with low 
radiation dose scans become available. This way, pre-experimental resorption may be 
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determined accurately and the extent resulting from the orthodontic force could be better 
isolated. 
The effect of force magnitude on root resorption has been explored in numerous 
investigations, but the value of force per surface area (pressure) has received less attention. 
The force applied at the bracket does not equal the force perceived at various levels on the 
tooth root; which in fact varies according to root anatomy and root length. Given that pressure 
at the tooth root is probably more relevant that the actual force, finite element analysis does 
play a role on this matter.  
Finite element analysis is an important tool for the analysis of complex structures. The 
distribution of stresses in a model is not only dependent on the loading configuration but also 
on the geometry of the structure and properties of the materials. An attempt was made to 
establish a precise relationship between the various dental tissues and in-vivo force application 
systems in relation to root resorption; but higher scan resolutions are recommended with the 
incorporation of non-linear PDL properties for more accurate results. This way, the 
mathematical model would be more complex but closer to reality, as material and anatomical 
data might lead to a more precise result. The hydrostatic stress in relation to capillary pressure 
and the direction of the principal stresses may be another area to explore in regards to the 
mechanical environment within the dentoalveolar system. 
For the vast majority of patients, orthodontically induced inflammatory root resorption is 
clinically insignificant, and poses no real risk to the long-term prognosis of the dentition. For 
the small amount of patients that are affected it is important to identify not only those that 
are at risk, but also have some evidence-based guidance for treatment modalities and 
mechanics such that informed decisions can be made by the clinician and the patient. This will 
minimise the risk to the dentition, and allow clinicians to offer treatment with confidence.  
